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I. iNTRODUirnON 

The reactions of hydrocarl ons in electrical discharges are interesting 
and important from both the practical and the theoretical points of view. 
Theoretical studies establish what reaciiorLs occui and throw light on the 
mechanism of activation whicli causes roactioiis at room temjierature. 
If the theory of these reactions is known, it is possible to utilize them to 
the greatest advantage from the practical point of view. 

The present study S(t‘ks to (establish the fundamental chemistry of the 
hydrocarbon reactions occurring in these discharges and at the same time 
to present some mechanisms and theory of these reactions. All of the 
information that would be desirable for such an evaluation is not avail- 
able, since coieolete experiments have not been made. 

^ Presented before the Division of Petroleum Chemistry at the Ninety-fifth 
Meeting of the American Che aiical Society, held in Dallas, Texas, April, 1938. 
The references have been extended to May, 1940. 
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II. Types of Electrical Discharge 

I^roaclly, rl(*(’tri(*al discharges can be divided into two main classifica- 
tions. (A) non-disruptive or silent discharges and (B) disruptive dis- 
(diarges. These may be further subdivided as follows: 

A. Nou-disruptive or silent discharges: 

1 The ozoiiizer discharge 

2 The semi-corona discharge 

3 dlie c.orona discharge 

4. The glow discharge 

5. The electrodeless discharge 
B Disruptive discharges 

1 The spark 
2. The arc 
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Fio ] Types ol' discharge apparatus. A, ozonizer discharge; B, semi-corona dis- 
charge, C, corona discharge; D, glow discharge. 


The type of discharge used in studying any particular hydrocarbon 
reaction often plays a very important role in determining the reactions 
wliich occur and the products obtained. The disruptive discharges are 
ac(‘ompanied by a localized high-temperature zone in and near the dis- 
charge, so that the reactions arc a combination of the thermal reactions 
due this high temperature and the electrical reactions from electrons 
present and the electrical field. The silent discharges are more diffuse 
and are not accomjianied by such high-temperature zones. The silent 
discharges therefore cause chemical reactions that are due, almost entirely, 
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to the electric field. For this reason the reactions in the silent discharges 
will be presented first. 

The types of silent discharge may be differentiated by referring to 
figure 1. 


A. NON-DISRirPTlVE OK SILENT DISCHARGES 
1 . The ozomzir dtscharge or the Siemens ozonizer 

As can be seen from A in figure I, two electrodes, both separated from 
the reaction space by a glass wall, constitute an ozonizer. Ordinarily 

1 + 


ANCrvE iLOW( 


PC SITIVE 
COLUMN 


fAWAOAV 
DARK &PACC 


NEGATIVE 

CLOV 

CflOOKES 
DARK SPACE 

CATHODE 

GLOW 


Fia. 2 Details of the glow discharge 

it is construct'd from rubes, although other forms have been used It is 
also possible that dielectrics other than glass could be employed to sepa- 
rate the electrodes from the reaction space. 

Ordinarily, voltages from about 5 to 25 kilovtdts are used to operate the 
ozonizer ^'af'uus frequencies have been used; at zero frequency the 
discharge does not occur, but quite satisfactory discharges occur from 
about 50 cycles per second on up. 

The discharge can be operated at high or low^ pressures and with liquids 
or gases. 
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£ and S. The corona dischargee 

“When the electric field around a point or wire becomes sufiSciently 
high for break“down at these regions before a spark can propagate across 
the gas space a corona discharge around the point or wire occurs/^ (172, 
page 485.) The corona discharges can occur at any frequency, including 
zero, and at voltages that are determined by the physical character of the 
apparatus and the conditions of pressure and temperature. 

4 . The glow discharge 

Wh(‘n sufficient voltage is applied to two electrodes in a reaction space 
at a pressure of from 0.01 to 100 nun. (usually about 5 mm.), a glow dis- 
charge will ocTur. When conducted at zero frequency the discharge 
assumes the form given in figure 2. The voltage required varies from 
about 100 volts upwards and depends on the pressure and composition of 
the gas in the discharge. 

The physical aspects of this discharge have been studied very exten- 
sively, so that most of the characteristic's of the discharge are known. 
These characteristics, so pertinent to the electrical reactions of hydro- 
carbons, are considered in detail in the section on theory. 

5. The clectrodcless discharge 

A conducting coil (inductance) through which a high-frequency current 
IS flowing can cause a discharge to take place in an adjacent gas if the gas 
is of the correct pressure and the intensity of the electromagnetic field is 
great enough. Ordinarily, the inductance is wound around the outside of 
a glass discharge vessel. The pressure conditions inside the flask must be 
within the range of 0.01 mm. to 100 mm. for the discharge to occur. In 
most respects this discharge resembles the glow discharge, except that it 
will operate only at high frequencies. 

III. Reactions of Pure Hydrocakhons in the Non-disruptive or 

Silent Discharges 

A. olefins 

Of the various types of hydrocarbons, the olefins are among the most 
reactive chemically. This is also true in the silent discharges. Since 
these reactions can be made to occur under comparatively mild conditions, 
the reactions of the olefins offer the best opportunity for obtaining an in- 
sight into these electrical reactions. Once the reactions of the olefins are 
understood, the reactions of other hydrocarbon types can better be ap- 
proached. 

Most of the study on the reactions in the electric discharges has been 
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qualitative in nature rather than quantitative. The reason for this is 
that the variables involved are not easily measured or controlled. Prob- 
ably the most important variables are (1) effective discharge intensity 
and {£) effective residence time in the discharge. The effective discharge 
intensity may be likened to temperature in thermal work and the residence 
time to contact time. The discharge intensity is a function of the voltage, 
frequency, current, and structural characteristics of the apparatus, as 
well as the pressure in the discharge space. 

The limitations of analytical methods for determining the nature of 
the product also restrict the results to qualitative rather than quantitative 
interpretation. The gases can be analyzed with considerable accuracy, 
but the methods for the liquid products are inadequate. It seems quite 
likely that many, if not most, of the liquid products are complex mixtures 
that would have to be analyzed by proximate methods to give the type 
of hydrocarbons present, e.g., acetylenes, olefins, aromatics, naphthenes, 
and paraffins. Even this has not been done in most cases. 

/. Ethylene 

Considerable qualitative and exploratory work on ethylene has been 
done. The products most frequently identified have been hydrogen, 
acetylene, and a liquid. This liquid varies in nature from a thin, mobile, 
colorless product, which is probably a mixture of simple polymers, to high- 
boiling oils and solids. A summary of these studies is given in table 1, 
where the type of discharge and the reaction products are given. 

The results given in table 1 indicate the complexity of the reactions tak- 
ing place in the silent discharges. It is obvious that (1) the primary reac- 
tion products are subjected to secondary reactions; (^) more than one 
primary reaction occurs; or (S) both 1 and 2 may take place. It seems 
worth while to try to establish which occurs. 

In the glow discharge radicals are formed that are capable of removing 
antimony or lead mirrors, but not zinc or cadmium mirrors. The radicals 
from ethylene have not been identified. This is quite an interesting ob- 
servation, for ethylene does not give radicals that remove such mirrors 
when treated thermally under conditions that give such radicals from 
saturated hydrocarbons (213). 

The present writers suggest that these radicals from ethylene in the 
discharge are vinyl radicals and that they are produced by breaking a 
carbon-hydrogen bond: 





+ H 
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A rapid formation of acetylene in the ozonizer discharge has been ob- 
served as an initial reaction (241). The vinyl radical could give this 
acetylene. On the other hand, when high flow rates were used and the 
products immediately cooled to — 60°C., 1-butene and 1-hexene were 
found in 90 to 95 per cent yields (188). These compounds are simple 
polymers of ethylene. They could be built up by adding the vinyl radical 
to other ethylene molecules with later saturation. Alternatively, it seems 
quite possible that the carbon-hydrogen bond that is broken to give 

TABLE 1 


Ethylene in the ozomzer-type discharge 


BBACTION PRODUCTS 

BBFaRXNCM 

Colorless liquid product 

(251) 

Ha, CaHa, and a liquid product 

(34, 38) 

Ha, CaHa, CaH«, liquid (C 8 Hu)n, and resins 

(42) 

At -~20°C., Ha, liquid mixture (b.p. 100-250°C ), and a rubber-like 

(54) 

solid analyzing close to (C8H8)„ 


Yellow oil, b.p. > 200*'C 

(181) 

Yellow oil (CiaHaa), b.p > 260°C. 

(174) 

Liquid, C^Ha#, b.p, 100-n0®C. at mm. 

(179) 

Solid (C,»H,«),, m.p. 105°C 

(179) 

Solid (Ci«Ha6)n, m p. 110®C. 

(179) 

Liquid, CioHft 4 

(133) 

liquid containing oxygen (^probably absorbed oxygen from the air) 

(135) 

At — 60“C , 1-butenc and 1-hexenc 

(188) 

Liquids: Ci*Hio and Ca«H 44 before exposure to air; CieHaoO and CasHiiOa 

(177) 

after exposure to air 


Ha, CaHa, CaH#, I-C4H8, C4H10, liquid, and a resin 

(222) 

Polymers (Can 4)8 to (CaH4)e; a small amount of paraffins found in prod- 

(63) 

uct, b.p, 90-210®C 


Ha, Cn4, CaHa, CalL, CiHs, C 4 nio, and an unsaturated liquid, CnHi.en 

(164) 

Ha, CaHa, C4H6, C4H8, and C4H10 plus Ce-paraffins and Ce-olefins 

(247) 

Ha, CfHa, saturated and unsaturated condensation products 

(241, 263) 

CaH. 

(204) 

Polymers 

(269) 


vinyl radicals is broken only in extreme cases and is activated in other 
cases. This can be represented as follows: 


H 

H,C=CH, H,C>=(!]-— H 

where C — H indicates an activated carbon-hydrogen bond. This mole- 
cule containing an activated bond can then react with another ethylene 
molecule: 
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H 


H,0=CH, 



I I 


H,(!: — chJ 

Postulated 

intermediate 


H,( 


H 

, 0 — 


ICHiCH, 


1-Butene 


From this discussion it seems certain that there are two primary reac- 
tions of ethylene in the silent discharge: (1) dehydrogenation to acetylene, 
and (2) polymerization. 

The priman" reactions having been established, it is worth while to 
examine the reaction products in more detail. The liquid product in 
some cases is known (133, 134) to absorb oxygen from the air quite readily. 
Ethylene polymers (i.e , monoolefins) do not absorb oxygen so readily, 
while the acetylene polymers are quite noted for this property. This 
suggests that one of the secondary reactions is the polymerization of acety- 
lene. 

Still another series of experimonts throw light on the secondary reac- 
tions of ethylene. These experiments were made in an ozonizer using a 
high-frequency power source and the products were condensed by cooling 
to —70®C. The following products were obtained: 


FHODxror 

rmn cmwt 

bncondensed (H,, C,H,, C,H.) ... 

13 

Butane 

45 

1 -Butene ... 

15 

Fraction boiling 35-45®C. 

4 

Ce-fraction 

15 

Higher hydrocarbons . . 

8 


The Ce-fraction contained 1-hexene and paraflin hydrocarbons, presumably 
hexanes (222). 

The saturated hydrocarbons are the interesting ones in this experiment. 
Arc they formed by simple hydrogenation of the corresponding olefin? 
This is entirely possible. On the other hand, it is conceivable that the 
butane is formed by the alkylation of ethane with ethylene. There is 
nothing that will permit a selection, except that the low concentration 
(<13 per cent) of ethane might tend to favor the postulate of direct 
hydrogenation. 

By using high-frequency current to eneigize- the ozonizer, it was found 
that the nature of the reaction products could be controlled by the ex- 
perimental conditions. In one case the major product was butene, in 
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another acetylene, and in still another butadiene. The energy consump- 
tiun was 20 kw.-hr. per kilogram of ethylene reacted (247). 

Ijow-boiling olefinic polymers were obtained by other workers (140) 
when an ozonizer excited by high-frequency current was used to treat 
ethylene. The exit gas analyzed as follows: 91 per cent H2 and paraffins; 
6 per cent C2H4; 3 per cent CsHc and C4H8. One gram-mole of ethylene 
reacted for each 2.3 kw.-lu*. consumed. 

The kinetics of the reaction of ethylene in the ozonizer discharge have 
been studied (163, 164, 165). There seems a little doubt that there is a 
definite induction period. The reaction resembles the reaction caused by 
alpha-particles (158). 

In the high-frequency corona discharge, static ethylene reacted com- 
pletely in 10 hr. The gaseous product contained 67 per cent of hydrogen 
and 20 per cent of saturated hydrocarbons. The liquid fraction was a 
dark oil with a molecular weight of about 500. An induction period of 
about 2 hr. was found, and it wa^ noted that admixing hydrogen in the 
charge shortened the induction period and increased the reaction velocity. 
In a dynamic system, butadiene was found in the products condensed at 
-~85°C. The yield of butadiene was a maximum of 30 per cent of the 
ethylene reacted when the initial gas contained 23 per cent of hydrogen. 
Since the reaction had an induction period and was sensitive to an added 
gas (hydrogen), it was concluded that reaction occurred through a chain 
mechanism (13; c/. also 69). 

In the semi-corona discharge, ethylene gave liquid products with den- 
sities from 0.78 to 0.82, molecular weights from 130 to 160, and nj®* 
from 1.45 to 1.46. The yield was 0.204 g. of liquid per kilowatt-hour (161). 

The electrodeless discharge in ethylene also gives hydrogen and con- 
densation products (117). 


Higher olefins 

In the ozonizer propene is known to polymerize to a liquid product and 
the gas contains hydrogen and methane (30, 208). In one case the liquid 
had the following properties: d = 0.824, refractive index ~ 1.4578; 
average molecular weight = 233. 

Complete analysis of the gases produced during the poljnnerization of 
propene in the ozonizer tells very little about the actual reactions taking 
place, for it can not be told whether the gas comes directly from the pro- 
pene or from secondary reactions of the propene polymer. Since 85 to 
90 per cent of the reacting propene is polymerized, the other reactions are 
of minor importance. Table 2 gives the moles of product per 100 moles 
of propene reacted (166). 

2-Butene in the ozonizer gave an oil having an average molecular weight 
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of 202, a density of 0,831, and an iodine number of 156 (208). No gaseous 
products were reported. 

In the high-frequency ozonizer propene polymerized, 2.3 kw.-hr. caus- 
ing 1 gram-mole of propene to react. The liquid formed was mostly 
dimers and trimers. The exit gas analyzed as follows: 12 per cent C2H4; 
50 per cent CsHe and C4H8; 38 per cent H2 and paraflSns (140). 

Isobutene polymerizes in the ozonizer to give a mobile yellow-brown 
liquid (63). A detailed investigation (208) revealed that the liquid had the 
following average properties: ~ 0.831, nf* = 1.4483; molecular 

weight, 202; iodine number (Wijs), 156; C = 84.46 per cent; H =» 14.60 
per cent. Upon fractionation it was found that the largest fractions 
correspond to di- and tri-isobutene, although some of the evidence indi- 
cated that 2,3-dimethylbutane and 2,3-dimethyl-2-butene might be in 


TABLE 2 

Gaseoxia products from propers in the ozonizer discharge 


Time, minutes. . . 

Products, moles per 100 moles reacted: 

24.6 

73.6 

73.6 

H. .... 

10 7 

16.9 

16 4 

CIL 

3.7 

6.1 

6.8 

C,H, 

18.3 

2.6 

1.7 

C,H4\ 

11 1 

1.4 

1.4 

CsHij 

1.8 

2.6 

CJI. 1 

13.0 

6.7 

7.1 

C4H,\ I 

C 4 H 10 / 

13.9 



C»His 

2.2 

1.8 

0.8 

Per cent CiHj reacted . . . 

48.2 

94.2 

96.1 

Per cent of original CiH# to liquid 

20 4 

74.6 

77.3 


the 32~52^C. fraction, and that 2,2-dimethylpentane, 2,4-dimethylpen- 
tane, 2,2,3-trimethylbutaiie, and the related olefins might be in the 75 - 
85°C. fraction. The higher fractions are richer in olefins than the lower 
boiling fractions; these higher fractions also contain naphthenes, but 
apparently no aromatics. 

To workers studying fuels for internal-combustion engine^s, it would be 
interesting to have data on the antiknock properties of the products pro- 
duced by the electrical polymerization of isobutene. Similar data on the 
completely hydrogenated product would be interesting, as it is a potential 
aviation fuel. Fi'om the data given above, it seems that isobutene poly- 
merizes as easily electrically as it does catalytically, so that it should not 
be too difficult to obtain sufficient product for these tests and, if the 
product has useful properties that are not easily obtainable catalytically, 
it should not be difficult to produce such products on a large scale. 
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‘^Amylene^^ from fermentation amyl alcohol has been studied both in 
the ozonizcr discharge and in the semi-corona discharge. A summary 
of the results is given in table 3 (185). 

In the presence of hydrogen the three isomeric pentanes, various pen- 
tenes, isopropylacetylene, and other products were observed. (So far as 
the writers know, this is the only case in which neopentane has been re- 
ported as a product of electrical action on a hydrocarbon. In this case 


TABLE 3 

Products obtained by the electrical treatment of **amylene** 


TTPII OF 
DIBCHABOl 

CABBIXB 

OAB 

AMTLINX CHARQBD IN 
PBODUCT 

PBODUCTB IN GAB 

Liquid 

Gaseoua 

Saturated 

hydro- 

carbons 

Olefins 

Acetylene 

Hydrogen 



per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

Ozonizer 

H, 

79.1 

2.6 

63 6 

9.6 

27.0 


Semi-corona. 

H, 

14.8 

16.6 

46.7 

20.0 

33.3 


Ozonizer 

None 

67.4 j 

7.1 

66.0 

4.1 

24.4 

6.6 

Ozonizer 

H, 

81.7 

6.0 

38.2 

8.8 

23.6 

29.4 


TABLE 4 

Olefins in the glow discharge 


OLBFXNB 

ANALTSIB OF GAB IN TOLUm PBB CBNT 

dp/dt 

w 


Hydrogen 

Acetylenes 

Olefins 

Paraffins 


1-Heptene 

per cent 

36.3 

per cent 

24.1 

per cent 

26.4 

per cent 

12.3 

116 

0.77 

2 , 2 , 3-Trimethylbutene 

37.9 

7.9 

26.9 

27.3 

97 

0.58 

(?)-Octene 

38.7 

14.0 

36.4 

10.9 

106 

0.80 

Diisobutene 

67.3 

11.0 

13.8 

17.9 

139 

1.19 


dp/dt » rate of gas formation, in cable centimeters per milliampere per second X 10*. 
W « rate of solid formation, in grams per milliampere per second X 10*. 


the evidence is the boiling point of a few drops of material, without other 
supporting data.) The acetylene in the gas included not only acetylene, 
but also propsme, vinylacetylene, and diacetylene. Thus the reactions 
taking place probably include polymerization, isomerization, cracking, 
dehydrogenation, and, especially in the presence of hydrogen, hydrogena- 
tion (185). 

Two main differences were noted between the reactions in the ozonizer 
discharge and in the semi-corona discharge: ( 1 ) For a given energy input 
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the amount of reaction taking place in the semi-corona was much more 
than the amount in the ozonizer, and (£) the changes in the semi-corona 
were more deep seated with more gas formation and carbon deposition on 
the wire electrode (185). 

A few of the liquid olefins have been studied in the glow discharge, the 
low pressure in this type of discharge permitting the study of the vapor at 
room temperature. In this study only the gaseous products were analyzed. 
As can be seen from table 4, dehydrogenation is the chief reaction, the 
reduced pressure in the reaction zone, the high molecular weight of the 
olefin, or both operating to reduce the polymerization and condensation 
reactions observed with the lower olefins (170). 

S. Butadiene 

In the glow discharge at 10** to lO"*^ mm. butadiene decomposes with- 
out evidence of pol 3 mierization. Above 10“^ mm. polymerization pre- 
dominates. The constitution of the polymer is not known. When 
butadiene is reacted in the presence of hydrogen, polymerization also 
occurs. An induction period of 3 to 7 min. and the acceleration of the 
reaction rate by oxygen and argon and by increasing the size of the vessel 
were considered suflScient evidence for a chain mechanism (221). 

The treatment of butadiene in the high-frequency ozonizer gave a liquid 
product that was thought to contain cycloolefins. The exit gas from the 
ozonizer analyzed as follows: 46.67 per cent ethylene; 26.4 per cent CsHe 
and CiHg; 28 per cent hydrogen and paraffin hydrocarbons (140). 

B. ACETYLENES 

As might be expected from the work on olefins just discussed, acetylene 
has a strong tendency to polymerize when subjected to the silent dis- 
charges. Table 5 gives a summary of the available work on acetylene. 
The liquid and solid products obtained from acetylene by electrical treat- 
ment have a powerful tendency to absorb oxygen from the air (134, 135, 
180). This makes the study of these products rather tedious, if it is de- 
sired to study the unchanged products. Considerable confusion has re- 
sulted in the past, because oxygen would be absorbed unsuspected by the 
worker, and when carbon and hydrogen were determined by combustion 
the total would not equal 100 per cent. A special analytical technique 
has been evolved to cope with this situation (97). 

When acetylene reacted in a high-frequency ozonizer discharge and the 
reaction products were cooled to — 60®C. before recycling, a 70 per cent 
yield of a colorless liquid was obtained (187, 188, 222). This liquid had 
the molecular weight of the trimer and from the reactions of the liquid it 
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was concluded that it contained 1,5-hexadiyne, methylpentadiyne, and 
1 ,5 ,3-hexadicnyne. The liquid had a boiling point of — 10®C. at 23 mm., 
= 1.4446, and = 0.752; it polymerized further on standing at 
room temperature, oxidized at room temperature when in contact with the 
air, and exploded on heating. These products are all isomeric with ben- 
zene, but no benzene was found. Both the density and the refractive index 
of the product argue against the presence of appreciable amounts of ben- 
zene. 


TABLE 5 


Acetylene in the ozonizer-type discharge 


RKACTION PKODUCT8 

RICFIDRBNCXS 

Yellow oily liquid 

(269) 

Liquid and solid 

(252) 

Thick brown liquid, a brown solid, and a little gas consisting of 

(29, 31, 32) 

92% H,, 4% C,H 4 , and 4% C,H. 


Resinous solid containing oxygen 

(229) 

Brown “semi-solid*’ that absorbed oxygen 

(127) 

Thick brown liquid that later solidified 

(174) 

Insoluble solid 

(133) 

Hydrogen, carbon, a liquid that explodes when heated above 

(179) 

100®C , and a yellow-brown solid 


“Warm” apparatus: a liquid and a solid 

(137) 

“Cold” apparatus: only a liquid, (CaHi)„ 

(137) 

In the presence of hydrogen (optimum lC$Hi:4H*), acetylenes to 

(266) 

Cio and paraffins to Cg 


Brown condensation product in the presence of hydrogen; 

(164, 165) 

hydrogen absorbed 


At — 60®C., 70% to trimers: 1,5-hexadiyne, methylpentadiyne. 

(187, 188, 222) 

and 1,5,3-hexadienyne 


Solid that absorbs oxygen 

(138) 

Condensation products 

(83) 


It has been found that only liquid products are obtained if the reaction 
vessel is kept ‘‘cold,^’ while both liquid and solid products are found if 
the vessel is kept ‘‘warm.^^ The reactions of both liquid and solid indi- 
cated the presence of benzene derivatives in which unsaturated side chains 
were probably attached to the benzene ring (137). This type of product 
could be formed by the cyclization of the higher acetylene polymers. 

While the products from acetylene are absorbing oxygen from the air, 
it has been found that a photographic plate becomes exposed and the iodine 
is liberated from a solution of potassium iodide (137, 175). Both of these 
actions stop as soon as the absorption of oxygen ceases. 
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From this work it seems that the primary action of the silent discharge 
on acetylene is to form po]3rmers. If the reaction products are quickly 
removed from the system, relatively simple polymers are formed. Fur- 
ther reaction may result in the formation of long-chain, highly unsaturated 
aliphatic compounds, or cyclization may take place with the formation of 
aromatic hydrocarbons with unsaturated side chains. 

In the presence of hydrogen, acetylene reacts faster than acetylene 
alone. After the reaction has proceeded for a while, the effect decreases 
and the reaction finally proceeds at the normal rate. In the presence of 
inert gases, the rate of reaction is proportional to the acetylene concentra- 
tion. The reaction products were not given (242). 

In another study, in the presence of hydrogen, a complex mixture of 
liquid products was obtained. This was said to contain acetylenic hy- 
drocarbons up to Cio and saturated hydrocarbons to Cg. At reduced 
pressures less polymerization and more hydrogenation took place (266). 

In the presence of benzene, acetylene reacted only slightly differently 
from acetylene alone. There is no evidence that benzene took part in the 
reaction (176). It has been claimed that methane and acetylene interact 
in the silent electric discharge to give as high as 70 per cent yields of pro- 
pene (109). 

It has been found that increasing the wave length from 20 to 48 meters 
increases the amount and rate of the reaction of acetylene (65). 

When compared in ozonizer apparatus of the same type and under identi- 
cal conditions, it was found that the relative rates of reaction were as 
follows: acetylene, 20; ethylene, 10; methane, 2 (165). 

In the electrodeless discharge acetylene gives a solid product, which 
has been variously reported as a yellow-white powder (191), an insoluble 
red-brown solid (105, 106), and polymers (and hydrogen) (117) ; no mention 
is made of the solid in one case (il). 

One of the noticeable features of various electrical discharges in gases is 
that light is emitted. Quite often very beautiful color effects are present. 
A spectrometric examination of the light produced when acetylene is in 
the discharge indicates the presence of C+ ions, carbon atoms, and hy- 
drogen atoms (105, 106, 141). We do not know the chemical reactions 
of such fragments as ions and carbon atoms; hence the difficulty of 
proposing a complete reaction mechanism which is related to the actual 
processes occurring. 

From the foregoing discussion, one may judge that acetylene is quite 
reactive in the electrical discharges. This is of special significance if 
acetylene is to be made by treating petroleum hydrocarbons in the electric 
discharge, for it means that ohe acetylene should be removed from the 



14 


C. L. THOMAS, G. EQLOFP AND J. C. MORRELL 


reaction zone as soon as formed, otherwise the yield will be reduced by 
secondary reactions. These secondary reactions may be minimized by 
using the electric discharge at subatmospheric pressure and limiting the 
amount of reaction during the passage through the discharge. 

Higher acetylenes 

So far only results on the ozonizer treatment of 1-heptyne and 1-octyne 
have been reported. l-Heptyne is said to give “diheptyne^' (a colorless 
mobile liquid), “triheptyiie'* (a thick odorous oil), and ‘‘undecahept3me” 
(a dark red mass insoluble in ether or benzene) (179). 

1-Octyne produced ‘^dioctyne” (a colorless liquid) and “nonaoctyne^' 
(a dark red soft mass soluble in ether and benzene but insoluble in al- 
cohol) (179). 

The heavy viscous polymers obtained are apparently complex mixtures 
having an average molecular weight corresponding to undecaheptyne and 
nonaoctyne, respectively. 

No gaseous products have been reported as the result of the action of the 
silent electric discharge on the higher acetylenes. 

C. AROMATIC HYDROCARBONS 

1, Benzene 

Diphenyl is the most common identifiable reaction product reported to 
result from the action of electrical discharges on benzene (12, 62, 117). 
More complex products of a resinous nature are also formed, which have a 
composition closely approaching (CH)*. Such products readily absorb 
oxygen from the air, and in some cases apparently combination with water 
vapor seems to occur. Such action brings to mind the reactions of the 
products from acetylene. Since acetylene is formed in the discharge and 
may itself react, the finding of such products is to be expected (12, 105, 
106, 169, 176). 

Hydrogen and acetylene are the most common gaseous reaction prod- 
ucts. Table 6 gives a summary of the reactions of benzene. 

Wlien benzene is treated in the ozonizer under mild conditions, diphenyl 
is produced, along with a liquid fraction boiling in the same range as 
diphenyl. This liquid can be separated from the diphenyl by cooling to 
about — 30®C., when the diphenyl crystallizes. Upon analysis it was 
found that the liquid contains more hydrogen than corresponds to di- 
phenyl. From the data available, it was concluded that this liquid product 
was probably a mixture of dihydrodiphenyls. Although this product 
might appear a little unusual at first, it can be formed by reactions which 
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are analogous to those already observed in the case of ethylene and acety- 
lene. 


H,C=CH- - -H 

: + ' 
H»C CH, 


H,C=CH 

I 

CH,CH, 

1-Butene 


HCsC H 

• + • 
HC— CH 



► H,0=CH— CfeC— CH— CHi 

Divinylacetylene 


H- - -CfeC— CH— CH( 
• + • 

HC CH 


H H 



H H H, H 



Dihydrodiphenyl 


In view of this analogy, the reaction seems reasonable enough. It is 
to be regretted that the original workers (222) did not obtain additional 
evidence for the dihydrodiphenyl. For example, the dihydro ring contains 
a conjugated diene structure that should react readily with maleic anhy- 
dride to give a solid derivative. The dihydrodiphenyl was postulated as 
the intermediate between benzene and diphenyl in the discharge. From 
this, it seems that the action of the discharge was one of polymerization 
followed by dehydrogenation. A continuation of this process would ac- 
count for the resinous substances formed in the discharge. 

When the intensity of the discharge was increased, it was not possible 
to isolate the dihydrodiphenyl but only the diphenyl, indicating that the 
dehydrogenation to diphenyl with the formation of an aromatic ring takes 
place readily (.222). It seems quite possible that this same mechanism 
for the formation of diphenyl could also apply to the thermal reactions of 
benzene in some cases. 
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Acetylene was also formed in the discharge, indicating that a depoly- 
merization of benzene was also taking place. 

CeHe 3C2H2 

From the ratio of the products the ratio of the two reactions has been 
calculated. 




Polymerization + dehydrogenation, 60 per cent 
Depolymerization, 40 per cent 


TABLE 6 

Benzene in the ozonizer-type discharge 


RSACTION PRODUCTS 


BBFBBSNCSa 


Gummy condensation product 
Gummy, wax-like material 
Ha, C 2 H 2 , and hydrocarbon gases 

An oil and a solid, both C 24 H 26 and both absorbing oxygen from the air 
An oil, (C«He)n, and a solid, C 24 H 2 e 
Diphenyl and a solid condensation product 

Diphenyl, p-diphenylbenzene, a resin (0«H4)x, and a gas consisting of 
52 6% H2, 29% C2H2, 12 1% C2H4, and 6.3% paraffins 
Diphenyl (solid), dihydrodiphenyl (liquid), a solid brown resin, and 
a gas consisting of 62% H2, 32.8% C2H2, 7.2% C2H4, and 0.8% higher 
olefins 

Hydrogen plus benzene gives a product which absorbs oxygen. By 
steam distillation the product can be separated into an oil, CnHu, 
and a solid, C 28 H »4 

Methane plus benzene gives a yellow-red oil, C 28 HM 
Ethylene plus benzene gives a brown-red liquid, C 28 H 84 
Acetylene plus benzene gives a yellow-brown solid, C 48 H 4 « 


(181) 

( 110 , 111 ) 
( 110 , 111 ) 

(176) 

(177) 

( 12 ) 

(62) 

( 222 ) 


(176, 177) 


(176) 

(176) 

(176) 


A spectrometric study of the light emitted by benzene in the electrode- 
less discharge indicates that C'^ ions, carbon and hydrogen atoms, and 
C 2 and CH molecules are present (105, 106, 117). The reaction product is 
a brown, insoluble product, (CH)*. Just how much of the material goes 
through these stages and just how much effect these active particles have 
in determining the reaction products is not known. From the fluorescence 
spectra it has been calculated that a considerable portion of the benzene 
molecules having vibrational energy greater than 5 X 10“® ergs decom- 
pose (1) In the glow^ discharge, CH, C 2 , C, H, and H 2 (no C+) were found 
by a spectroscopic study (107). 
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2, Bemem with other substances in the ozonizer 

Methane, A yellow-red oil, the nature of which is unknown, was pro- 
duced (176). Both methane and benzene reacted. 

Acetylene, A solid and a liquid product was formed. So far as could 
be told, the solid was identical with that produced from acetylene alone. 
The liquid was different, and apparently also different from that obtained 
from benzene alone (176). 

Ethylene, A brown-red liquid soluble in benzene and ether was pro- 
duced. Apparently both ethylene and benzene react, although the ratio 
was not determined (176). 

Hydrogen. This product was different from that produced by benzene 
alone, but the presence of the hydrogen did not destroy the ability of the 
product to absorb oxygen from the air (176). The product could be 
separated by steam distillation into a liquid and a solid. The liquid was 
colorless (b.p. 241-243°C.), while the solid was a clear red mass (177). 

S. Toluene 

The reactions of toluene in the discharge resemble those of benzene 
qualitatively, with the exception that dibenzyl has been identified as one 
of the products. 

In the ozonizer the products were a thick yellow liquid, boiling at 140- 
150°C. at 14 mm. and having the composition of a toluene dimer, together 
with a resin melting at 150°C (179). In the semi-corona discharge toluene 
gave a shellac-like deposit having a density of 0.95, a carbon content of 
79.16 per cent, and a hydrogen content of 5.9 per cent. The rest of the 
composition was assumed to be oxygen. In other experiments dibenzyl, 
2,2'-dimethyldiphenyl (m.p. 17°C.), and a liquid which boiled >200®C. 
and did not freeze at 0°C. were found. This last product was thought to 
be a mixture of isomers of dimethyldipnenyl (12). 

Under similar conditions in the ozonizer the composition of the gas from 
toluene was determined; this was hydrogen, 58 per cent; acetylene and 
homologs, 10 per cent; ethylene, 8 per cent; higher olefins, 3 per cent; 
ethane, 4 per cent; and methane, 14 per cent. Under identical conditions 
the rate of gas evolution was twice that observed with benzene. Besides 
the gas, a liquid boiling at 110-145®C. at 18 mm. and a brown resinous 
powder were formed. The liquid was separated into dibenzyl plus a 
residual liquid, boiling at 130-136®C. at 17 mm. and having the composition 
of a pol3nner of toluene (222). 

Toluene can be depolymerized to acetylenes and also polymerized. 
The polymerized product may be dehydrogenated in the discharge to 
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give dimetiiyldiphenyls. In these respects toluene resembles benzene in 
its reactions. In addition to the reaction products analogous to those 
from benzene, dibenzyl has been found. By making a simple assumption, 
it is possible to write an equation explaining the formation of dibenzyl 
by means of reactions entirely analogous to those already presented. The 
assumption is that toluene is capable of the allylic rearrangement under the 
influence of the discharge. Structurally this change is represented as 
follows: 



The addition of an activated toluene molecule to the methylene double 
bond, followed by dehydrogenation, gives dibenzyl. 



The allylic rearrangement is thought to be ionic in nature, so that there 
seems to be no objection to its occurrence in an electric discharge. More 
evidence is needed before the assumption can have validity. For the 
time being, the mechanism can be justified only by known analogies and 
because it explains the product. 

4 . Higher aromatic hydrocarbons 

A whole series of substituted benzenes have been studied in a glow dis- 
charge at reduced pressure. The rate of gas evolution and the composition 
of the gas were determined (170). A summary of these results is given 
in table 7. The original workers made the following observations in regard 
to the results: (f) For any given series the amount of gas produced in- 
creases with increasing molecular size. {2) Increasing centralization of 
the molecule results in decreasing amounts of gas produced. Example: 
the butyl-substituted benzenes. {3) Increasing proximity of substituted 
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groups in the benzene ring decreases the amount of gas produced. Ex- 
ample: the m-, and p-xylenes. 

Although the picture is somewhat complicated by secondary reactions^ 
the principal primary ones seem to be as follows: (1) Polymerization of 
the hydrocarbon followed by dehydrogenation. The products are de- 
hydropolymers (resins) and hydrogen. (2) Depol)anerization to give 
acetylenes. (8) Dealkylations to give olefins and a simpler aromatic 
hydrocarbon. (4) Hydrogenation of a portion of the acetylenes to pro- 


TABLE 7 

Benzene and benzene derivatives in the glow dux^harge 


i 

1 

ABOMATXC BTOBOCARBOMS | 

AKALTBIS OF OAB IK TOL171UB PBB CBNT 

dp/d< 

IT 

Hydro- 

gen 

Acety- 

lenes 

1 

Olefins 

1 

Paraffinr 

Benzene 

per e^rii 

46 0 

per oetU 

40.5 

per cent 

4.4 

percent 

9.2 

25 


Toluene 

54.8 

29.0 

3.0 

13.7 1 

52 

4.39 

o-Xylene 

60 2 

16.0 

7.8 

16.0 

35 

1.69 

w-Xylene 

52.5 

25.1 

6.8 

15.8 

47 


p-Xylene ... 

73.0 

11 6 

6.3 

9.1 

63 

1.37 

Mesitylene . . 

55.1 

18.9 

7.4 

18.7 

71 

2.43 

Hexamethylbenzene 

54 7 

11.4 

13.1 

20.9 

79 

2.76 

Ethylbenzene . 

50.7 

19.6 

12 4 

17.3 

64 

2.82 

m-Diethylbenzene 

49.8 

14.1 

16.9 

19.2 

71 

2.94 

p-Diethylbenzene. . . 

36.0 

11.4 

25.7 

27.0 

69 

1.77 

Hexaethylbenzene 

37 8 

20.6 

17.8 

23.8 

83 

1.29 

n-Propylbenzene 

43.0 

12.8 

27 0 

17.2 

71 

2.90 

Isopropylbenzene 

51 8 

14.4 

12.1 

21.6 

58 

1.53 

p-Cymene . 

46.2 

12.0 

16.6 

25.2 

66 

2.09 

n-Butylbenzene. 

56.4 

9.6 

18.0 

16.1 

81 

2.91 

S6c-Butylbenzene 

50.6 

16.8 

16 6 

16.2 

80 

2.13 

terf-Butylbenzene 

45.5 

18 8 

11 9 

23.8 

66 

2.73 

Styrene 

45.7 

18.8 

30.7 

4.7 

45 

4.32 


dp/dt rate of gas formation, in cubic centimeters per miliiampere per second X 10*. 
W “ rate of solid formation, in grams per miliiampere per second X 10*. 


duce olefins, and hydrogenation of a portion of the olefins to give paraffins. 
Besides the above work, a few^ of the aromatic hydrocarbons have been 
studied under different conditions. 

Xylenes, In the ozonizer discharge the xylenes give ‘'dixylenes'^ as thick 
yellow liquids, together with more complex products. The “dixylene’* 
from (h and p-xylene boils at 160“170°C. at 14 mm., while that from m- 
xylene boils at 160~165®C. at 14 mm. (179). 

Similarly treated, p-xylene gave a shellac-like product which, when 



20 


C. L. THOMAS, G. EGLOFP AND J. C. MORHELL 


analyzed, was found to contain oxygen; it had a density of 0.97. In ad- 
dition, di-p-tolylcthane (m.p. 81°C.) was isolated, along with a high- 
boiling liquid thought to be made up of isomers of di-p-tolylethane (12). 
The formation of ditolylethanes from X 3 dcnes is analogous to the formation 
of dibenzyl from toluene. 

The light from the electrodeless discharge in xylene was investigated 
spectrometrically. Evidence was obtained for the presence of CH, C 2 , 
C+, and H in the discharge (107). 

Mesttykne. The products from the ozonizer treatment at reduced 
pressure are a thick yellowish liquid, boiling at 195~200®C. at 14 mm., 
and said to be “dimesitylene^’, and a resin which analyzed correctly for 
(C 9 Hi 2 )i 2 as the average composition (179). 

A spectromctric investigation of the light from mesitylene in the elec- 
trodeloss discharge indicates the presence of CH, C 2 , and H in the 
discharge (107). 

Cumene. In a discharge of the ozonizer type, cumene gave dicumyl as 
a thick yellowish liquid, b.p. 162-165°C. at 14 mm., and a resin, m.p. 
95®C., said to be ^^hexacumyr' (179). 

p-Cyme,ne. Under the same conditions p-cymene gave ^^dicymene^^ as a 
thick yellow oil, boiling at 185-190^0. at 14 mm., and a resin said to be 
*‘pentacymene'\ m.p. 80°C. (179). 

Styrene. The application of an alternating current field to pol 3 maeriz- 
ing styrene has no effect on the rate of polymerization until a critical 
potential gradient is reached. At 80°C. this is 43.5 kilovolts per milli- 
meter. The polymerization rate is increased suddenly at this potential 
gradient, but the rate decreases if the gradient is increased further. A 
short preliminary treatment of the styrene at the critical gradient increases 
the thermal rate of polymerization and reapplying the field decreases the 
rate (157). 

Naphthalene. Under the conditions used for cumene, naphthalene gave 
a brown, glistening, insoluble, infusible polymerization product (179). 

In the clectrodeless discharge naphthalene gave the same spectra ob- 
served with benzene. The lines were not equally intense when the same 
time of exposure of the photographic plate was used (105, 106, 107). 
This may have been due to a lower concentration of naphthalene in the 
discharge with the same conversion to light-emitting fragments or may 
have been due to a greater stability of naphthalene. 

Polynuclear hydrocarbons have been studied at low pressures in the 
glow discharge. Under these conditions dehydrogenation and depoly- 
merization to acetylenes takes place. The olefins formed probably result 
from the hydrogenation of acetylenes. Pol 3 rmerization or condensation 
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to give solid products also occurs. A summary of the results is given in 
table 8 (170). 

It will be recalled that in the thermal cracking of petroleum oils there 
can be produced a cracked gas oil of high density which is very refractory 
to further cracking. This product is said to be aiomatic in character. 
It seems quite likely that refractory gas oil in a suitable electric discharge 
could be made to give commercial yields of acetylene. This is merely a 
conjecture based on the experimental data given above on the aromatic 
hydrocarbons. Nevertheless, the possibility is one of interest to the 
petroleum industry. 


TABLE 8 

Polynuclear aromatic hydrocarbons in the glow discharge 


1 

BTBBOCAKBON0 I 

1 

1 AKAl.TaX8 or OAB IN TOI.U1IB PUB CBNT 

dp/d( 

w 

Hydro- 

gen 

Acety- 

lenes 

Olefins 

Psrafi&ns 

Diphenyl 

per cent 

43.2 

per cent \ 

37 4 

per cent 

17.3 

per cent 

2.1 

43 

6.65 

Naphthalene 

42.8 

32.2 

23.3 

1.7 

39 

7.61 

S til bene 

46.8 

44 8 

6.8 

1.6 

67 

7.24 

Anthracene . 

44.9 

36 2 

18.2 

0.7 

35 

9.70 

Phenanthrene. 

46 8 

21.9 

28.0 

4.3 

37 

8.82 

Acenaphthene 

60.8 

25.4 

13.3 

1 4 

60 

6.39 

Triphenylmethane 

50.1 

27.3 

21.8 

0 8 

42 

6.91 

Retene 

39 8 

21.1 

16.0 

24.1 

56 

6.08 


dp/dt ** rate of gas formation, in cubic centimeters per milliampere per second X 10*. 
W 3* rate of solid formation, in grams per milliampere per second X 10*. 


D. CYCLOPAKAFFINS AND CYCLOOLBFIN8 

These types of hydrocarbons have not been studied under suflSciently 
mild conditions to indicate simple products which could be regarded as 
primary products. The more drastic conditions give products which are 
not characteristic of the original hydrocarbon. 

7. Cyclopropane 

This hydrocarbon reacts one-half as fast in the ozonizer discharge as 
propene under comparable conditions (208). The main reaction is con- 
densation to give a liquid product of the empirical formula CijHm. This 
product was thought to be identical or isomeric with the product obtained 
from propene. For each 100 volumes of cyclopropane charged, 37.3 
volumes of hydrogen and 1.5 volumes of methane were formed (30). 
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2, Cyclohexane 

Cyclohexane has been studied in the glow discharge (170) and the 
gaseous products partially analyzed (table 9). Some work has also been 
done in the electrodeless discharge (11, 12), but no definite product has 
been reported. The solid, brown, resin-like deposit usually formed in the 
electrodeless discharge in hydrocarbons was almost absent when cyclo- 
hexane was used. 


TABLE 9 


Cycloparaffim and cyclodlefins in the glow discharge 


CTCLOPAUArriNB AKD CTCLOdLlFINS 

OAB ANALTSW. YOLUIIB PBB CBMT 

dp/dt 


Hydro- 

gen 

j Acety- 
1 lenes 

Olefins 

Paraffins 

w 

Cyclohexane 

per cent 

46 0 

per cent 

13.2 

per cent 

32.1 

per cent 

8.7 

86 

0.51 

M ethy Icy clohexan e 

47 0 

12.6 

26.6 

13.8 

93 

0.19 

p-Menthane 

52.6 

1.4 

28.1 

18.0 

71 

0.90 

Decalin 

52.5 

12.8 

30.0 

4.7 

103 

1.52 

Cyclohexene 

48.7 

16.5 

30.0 

4.8 

105 

1.06 

Isobutylcyclohexene 

40.8 

12.6 

31.1 

16.5 

105 

1.36 

Dipentene 

48.4 

11.5 

27 0 

13.1 

114 

1.66 

Pinene 

53.7 

16.2 

18.2 

12 0 

101 

1.88 

Limonene 

58 4 

14.9 

18.0 

8 7 

112 

1.62 

Dihydronaphthalone 

54.8 

23.4 

19.7 

2.1 

72 

5.40 

Tetralin 

57.0 

17,0 

20.0 

6.0 

71 



dp/di « rate of gas formation, in cubic centimeters per milliampere per second X 10*. 
W » rate of solid formation, in grams per milliampere per second X 10*. 


3. Pinene 

The ozonizer discharge produces a small amount of diterpene (polymer) 
but no gas. The polymerization, although slow, was especially clean cut 
in a carrier gas (hydrogen or nitrogen) (30). Another worker (179) ob- 
tained a dimer and a heptamer by treating pinene in the ozonizer. 

4- Camphene 

In the ozonizer, camphene gave a dimer and an octamer (179). 

6. Idmonene 

Liinonene and the ozonizer gave a liquid dimer, a solid hexamer, and 
an insoluble solid (179). 
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6. Menthene 

A liquid dimer and a soft brown polymer were obtained by treating 
menthene in the ozonizer (179). 

7, TeiraJin 

In the presence of air as an auxiliary gas, liquid tetralin gave hydrogen 
cyanide and probably other nitrogen-containing products when treated 
in the ozonizer discharge. When hydrogen was used, a part of the tetralin 
was converted into a thick, almost resinous product. This product was 
interesting because it possessed air dr 3 dng properties similar to linseed 
and tung oils. Owing to the fact that the glass walls of the apparatus 
became pitted and soon suffered electrical breakdown, the apparatus was 
changed to the corona type with the inner conductors made of copper. 
Under these conditions the }ield of resinous product was 22.1 g. per 
kilowatt-hour. Apparatus of this type was also used with tetralin vapor 
at 5 to 8 mm. pressure. The discharge consumed about 75 watts at 500 
cycles. The apparatus was then further changed to the glow type with 
the electrodes made of copper. With operating conditions of 100 watts, 
1 to 2 mm. pressure, 50 cycles, and 2000 volts the resin yield was 75 g. 
per kilowatt-hour. In a still larger apparatus, using 200 watts at 9550 
volts, a small amount of a ditetryl (O 20 H 22 ), m.p. 80-81°C., was isolated 
(19); just which one of the nine possible ditctryls is not known. If it 
should be proved to be one of the following compounds: 


H 2 H 2 H, Ha 



5,5'-Ditetryl 5,6'-Ditetryl 6,6'-Ditetryl 


then it is entirely possible that this product is formed in a manner en- 
tirely analogous to the formation of diphenyl from benzene in the electric 
discharge. In this event it seems quite likely that the resinous product 
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having air drying properties would be analogous to the dihydrodiphenyl 
formed from benzene. 





a 


This product would be a dihydroditctryl. Its ability to absorb oxygen 
from the air and polymerize is entirely consistent with such a structure. 
Until more work is done on the constitution of these products, these 
possibilities must remain speculative. Neverthedess, they may be useful 
in directing the work in trying to identify these products. (2,2'-Ditetryl, 
m.p, 113®C. (42), and 2,6'-ditetryl, m.p. 53~54®C. (228), are the only 
ditetryls of known structure.) 

8, Decalin 

In the ozonizer discharge, decalin gives a gas thought to be butane mixed 
with hydrogen and unsaturated hydrocarbons. In addition, 25 per cent 
of material boiling above decalin was formed. A fraction corresponding 
to 15 per cent of the decalin boiled above 200®C. at less than 1 mm. 
pressure (19). The reaction was thought to take place according to the 
scheme : 



i 

Polymers 


In another study by a different worker (92) it was found that the primary 
action of the discharge is the splitting off of hydrogen and the polymeriza- 
tion of the resulting unsaturated compounds. When the reaction is 
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carried out in the presence of oxygen, ozonides are formed; in the presence 
of nitrogen, nitrogen-containing products are formed. 

Several of the cycloparaffins and cycloolefins have been studied in the 
glow discharge at reduced pressure. The powerful dehydrogenating ac- 
tion of the discharge is indicated by the data summarized in table 9. 
Cracking reactions also occur, since gaseous olefins, acetylenes, and 
paraffins are formed. More could be told about the reaction mechanism 
if the gas analysis were more complete, giving the individual components 
instead of the hydrocarbon groups (170). 

It is well to note the gases produced in the glow discharge with tetralin 
and decalin (table 9). The gaseous reaction products are not those that 
would be expected if the reactions in the glow discharge were similar to 
those in the ozonizer discharge discussed above. Since the analyses are 
incomplete in both cases, definite conclusions may not be drawn, but it 
seems that the glow discharge is the more violent in nature, giving more 
deep-seated changes in the molecule. The present differences serve to 
emphasize our contention that in any discussion of the electrical reactions 
it is imperative that the type of discharge used be given as part of the 
essential data. 

There are immense supplies of cycloparaffinic (naphthenic) petroleum 
oils which might make useful products. The above discussion indicates 
drying oils for paints as one possibility. Generally speaking, however, 
the reactions of these hydrocarbons in the i^lcctrical discharge need careful 
study, since the proper data are not available on the reactions of the most 
common members of this group of hydrocarlxms, i.e., the cyclohexane 
and cyclopentane derivatives. Thus, as far as the chemist is concerned, 
the field is wide open, from the discovery of the fundamental reactions of 
these hydrocarbons all the way to the commercial utilization. 

E. PARAFFIN HYDROCARBONS 

In many respects the electrical reactions of the paraffin hydrocarbons 
resemble the corresponding thermal reactions. It will be recalled that, 
thermally, the paraffins react by dehydrogenation and by cracking and 
that this primary action is followed by the reactions of the olefins produced 
by the dehydrogenation or cracking. This same sequence of events seems 
to take place in the electrical reactions, with this difference: the electrical 
reactions of the olefins produced in the primary action are different from 
the thermal reactions. The reactions of the olefins have been purposely 
discussed before the paraffins in order to give a better understanding of the 
more complicated overall reactions of the paraffins. In this connection 
it must be kept in mind that the paraflfins are less reactive electrically and 
therefore require a relatively more intense discharge to make them react 
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at a usable rate. This intense discharge often produces deep-seated 
changes in the olefins formed in the primary reaction, so that it is difiScult 
to follow the reaction. 

In addition to dehydrogenation and cracking, which can be obtained 
thermally, a type of reaction can occur electrically which does not occur 
thermally or which is poorly defined. Generally the reaction may be 
written : 

20nS2n 4- 2 ^ Cn — *H2(n — ») + 2 ”4“ Gn -f sS[2(|t 4 - *) 4 - 2 

So far as the present authors know, no name has been assigned to this 
reaction. It is a type of disproportionation. 

1. Methane 

Methane alone can react chemically only by dehydrogenation. In 
thermal reactions, methane is known to give the reaction 

2CH4 CaHe + Hs 

when caused to react by a heated filament located in a bulb cooled by 
liquid nitrogen. If the bulb is cooled with liquid oxygen (— 183°C.) 
instead of liquid nitrogen (— 195°C.), then acetylene and ethylene form 
up to 90 per cent of the hydrocarbon reaction product (240). The anal- 
ogous experiment using the glow discharge with liquid air as the cooling 
medium indicates that the methane which reacts is quantitatively con- 
verted into hydrogen and ethylene (44). In view of the critical effect of 
the wall temperature in the thermal reaction, it can be argued that ethane 
and hydrogen might be the initial reaction products in the electrical 
reactions had the experiment been conducted in liquid nitrogen instead of 
liquid air. In the absence of data to the contrary, ethylene will be con- 
sidered the primary reaction product from methane in the electric dis- 
charge. On this basis the electrical reaction products of methane would 
be those of ethylene in the presence of an excess of methane and hydrogen. 
As near as can be determined from the data available, this is the case. 
In discussing these data, it must be remembered that methane is one of 
the very stable hydrocarbons, and any discharge which is powerful enough 
to change it chemically produces profound changes in the reaction products 
as soon as these are present in appreciable concentrations. 

From a study of methane in the ozonizer discharge at room temperature, 
the following observations were made (164, 165): (1) The volume of gase- 
ous products equals the volume of the original methane. (2) An induc- 
tion period of 20 to 25 min. exists. (5) The gaseous product is primarily 
hydrogen with relatively small amounts of CsHe, CsHe, and C 4 Hxo. Still 
smaller amounts of C 2 H 4 have been found. From 20 to 55 per cent of 
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the reacting methane is converted into the above products; the rest is 
converted to solid and liquid products. (4) A liquid product is formed 
whose composition agrees closely with C„Ha„. The 
unsaturated, since it is acted on by light and air. 
uct left in the held of action of the discharge will 
of gas. 

The chemistry involved in these processes can be 
lowing diagram. 

Liquid and solid product 
/ 

CH 4 COL + 2H, ^ CJEL + 



i COL 

C 4 Ha -2?- C4H10 

In experiments at room temperature ( 222 ) in the ozonizer, there may be 
evidence that ethane is a primary product in the treatment of methane* 
Certainly ethane is formed in larger amounts than ethylene, although this 
can be readily explained, since ethylene is known to be much more sus- 
ceptible to reaction than ethane (166). 

Methane also gives liquid and solid products in the semi-corona dis- 
charge. Table 10 gives a summary of the conditions used and the results 
obtained. The apparatus consisted of eleven semi-corona tubes in series 
for gas flow and in parallel electrically. The central aluminum electrode 
was i in. (0.32 cm.) in diameter and was enclosed in a Pyrex tube 2 cm. 
in diameter with 1 mm. wall thickness. Traps cooled in ice water were 
placed between the semi-corona units. The discharge was operated by an 
18-kilovolt transformer (161). 

Among the earliest products observed from the treatment of methane in 
the ozonizer discharge were acetylene and hydrogen (27, 25, 30, 222). 
It seems quite likely that acetylene is a secondary product resulting from 
the action of the discharge on the ethylene produced from methane. 

Owing to the economic importance of acetylene, considerable study has 
been devoted to the conversion of methane to acetylene. Electrical 
methods have furnished their share of results in seeking the solution of tliis 
problem. The glow discharge has received most attention in this direc- 
tion. It seems advantageous to heat the discharge tube to about 500*^C. 
The best operating pressure is 40 to 50 mm. and the best electrode dis- 
tance is 40 to 50 cm.; greater distances cause the formation of higher 
paraflSn hydrocarbons. The voltage does not seem to be critical so long 


liquid is apparently 
(5) The liquid prod- 
react with evolution 

expressed in the fol- 


H2 



28 


C. L. THOMAS, G. EGLOFF AND J. C. MORRELL 


as it is sufficiently high to maintain the discharge. The yields of acetylene 
are as high as 90 per cent of the methane charged. The energy consump- 
tion is 12 to 13 kw.-hr. per cubic meter of acetylene formed (85, 149, 151, 
205, 206, 223). 

When the above process was altered to produce maximum yields of 
ethylene instead of acetylene, the energy consumption at the point of 
maximum yield was 53 kw.-hr. per cubic meter of ethylene (206). The 
methane was diluted with 0.5 volume of hydrogen. Since the formation 
of ethylene from methane requires less energy from the thermodynamic 
point of view than the formation of acetylene, the reason for the larger 
energy consumption in the case of ethylene formation is not clear. Tt is 
possible that a considerable portion of the energy goes to form atomic 
hydrogen wliich recombines at the walls of the containing vessel, resulting 

TABLE 10 

Methane tn the semi-corona discharge 


Flow, liters per hour 

0.57 

Time, days 

5.1 

Methane used, liters 

64.0 

Methane used, grams 

45 7 

Liquid jicld, grams 

18 25 

Molecular weight of liquid 

130-170 

Density of liquid 

0.78-0.83 

Refractive index of liquid 

1 44-1.46 

Solid on glass walls, grams 

4.4 

Energy used, kilowatt-hours 

102.7 

Carbon on aluminum rods, grams 

0 25 

(irams of liquid per kilowatt-hour 

0.178 

Grams of liquid and solid per kilowatt-hour 

0.22 

Grams of liquid per gram of methane 

0.40 


in a temperature rise of these walls. In this case the energy would be 
dissipated as heat without doing useful chemical work. 

The reaction kinetics for methane in the glow discharge have been 
treated mathematically (262), and the agreement with the published ex- 
perimental results is said to be good. 

A mixture of methane and an excess of nitrogen was studied with a 
thyratron circuit capable of giving a glow discharge lasting 10“® sec. 
By varying the constants of the circuit, the number of these pulse dis- 
charges could be varied up to 133 per second. Acetylene, hydrogen 
cyanide, and a solid approximating (CH)* were formed. The following 
experimental observations were made under these conditions: (1) For 
the same watt input, the acetylene yield was greater with the pulse dis- 
charges than w^as obtained with a.c. or d.c. (2) With a d.c. or a.c. dis- 
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charge, practically all the carbon of the methane could be converted 
into hydrogen cyanide. Little or no polymers were formed. ( 3 ) With 
a pulse discharge rate of 10 per second an appreciable amount of brown, 
shellac-like, insoluble polymer was formed. ( 4 ) As the pulse rate was 
increased from 10 to 60 per second, the HCN:C 2 H 2 ratio increased lin- 
early with the pulse rate. (J) With pulse rates from 60 to 133 (the limit 
of the apparatus) per second, the HCN:C 2 H 2 ratio was constant. 

In explaining these observations, it was assumed that CH was the major 
active particle formed in this discharge. This CH particle may polymer- 
ize to C 2 H 2 or (CH)x, or may react with nitrogen to form hydrogen cyanide 
by further reaction in the discharge. Since 60 pulses per second were 
sufficient to utilize all the CH particles, it was suggested tliat the life period 
of the particle was of the order of second (270). While this observation 
on the apparent life of the CH particle is interesting, it is preferred to wait 
for a more specific description of the experimental details before definite 
conclusions are drawn. More definite evidence was offered for the methyl 
radical, for dimethylzinc was formed when the gas was withdrawn through 
a hollow zinc cathode. 

Indirectly, the effect of frequency has been studied in the more con- 
ventional glow discharge, using a variable electrical condenser. In the 
pressure range 1 to 11 mm. of mercury, the amount of methane reacted 
was a maximum at the maximum condenser capacity, (i.e., at the lowest 
frequency). At 3.2 mm., 75 per cent of the reacting methane was con- 
verted into acetylene, utilizing about 15 per cent of the available electrical 
energy (192). 

Similar experiments at atmospheric pressure using frequencies of 6 and 
15 megacycles gave results which indicated that the lower frequency gave 
a greater per cent conversion, while the higher freciuency produced more 
deep-seated changes in the methane that reacted (204). 

Besides the effect of the type of electrical discharge, it has been found 
that the electrode material may have influence. For example, in the glow 
discharge under a given set of conditions, it has been found that aluminum, 
copper, zinc, lead, and iron electrodes gave 1.5 per cent conversion of 
methane. Mercury electrodes gave 5.2 per cent conversion. Warming 
the mercury electrodes increased the conversion to 14 per cent. It was 
concluded that the mercury acted catalytically, probably in the vapor 
phase (147). 

In the spectroscopic investigation of the light produced by the glow 
discharge in methane, evidence was obtained for fl, CH, and H 2 . In the 
electrodeless discharge, evidence was obtained for C and C 2 ; as well as H 
and CH. Brown to black resins were produced on the walls of the dis- 
charge vessel in both types of discharge (104, 105, 106, 107). 
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2. Methane with other hydrocarbons 

Acetylene,. The silent discharge gave a clear yellow liquid product 
wliich could be separated into a viscous liquid soluble in ether and an 
insoluble solid. The liquid had an average composition corresponding to 
CfiHio, while the solid corresponded to CoHs (174). Propene has also 
been reported (108, 109). 

Ethylene. Under the same conditions, a 1:1 mixture of methane and 
ethylene gave a viscous liquid which absorbed oxygen from the air (174). 

Benzene,. A product was obtained which had the average composition 
CjsHse (176). 

S. Ethane 

Ethane can undergo both dehydrogenation due to activation of the 
C — H bond and demethanation due to activation of the C — C bond. 
The ratio of these two reactions has not been accurately determined. At 
the beginning of the reaction, in the ozonizer discharge, there is about five 
times as much dehydrogenation as demethanation, as determined from the 
gaseous products (222). After the discharge has acted on a given sample 
of gas for longer times, the amount of methane increases in the gas 
(159, 222). It seems entirely possible that the primary reaction of ethane 
would be dehydrogenation if experiments were made under conditions 
which would minimize secondary reactions. At the present time there is 
no reported work under such conditions. 

In the intense discharge necessary to cause ethane to react at a con- 
venient velocity, the ethylene and acetylene formed are very reactive and 
polymerize, although they can be readily detected in the gaseous products 
(26, 30). That they arc not always present is indicated by the following 
gas analysis (159): 


SUBBTANCa 

VOLUifS BXB OSNT 

H. 

48.4 

CH 4 . 

13.0 

C,H. 

29.7 

C,Hs. 

3.5 

CJlrc . 

1.9 

C|Hii 

3.6 


More complete (166) analyses giving the major constituents have been 
converted to moles of product per 100 moles of ethane reacted and are 
presented in table 11. 

The following equations, based on the data in table 11, account for 
about 85 per cent of the ethane reacted: 
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RmcHon 

PerottU 

+ Bt 

61 

x(C 2H4) (C»Ei4). 

(60) 

CiH, + CJE. C 4 H 10 

5 

2CJI. - CH 4 + C,H, 

15 

C»H, — C»H, + 2H, 

3 


It is to be noted that 50 per cent of the ethane which reacts is converted 
into liquid products, presumably through the {polymerization and con- 
densation of ethylene. 

During the study of ethane in an ozonizer discharge, an observation 
was made which has considerable bearing on the reaction mechanism. 
The reaction products from the discharge tube were passed into two traps 

TABLE 11 


Products from ethane in an ozonizer discharge 


Time of run, minutes 

Products, moles per 100 moles of 
ethane reacted: 

20 

20 

60 

60 

60 

H, 

67.4 

44.4 

61.1 

66.8 

69.6 

CH 4 

16.6 

14.1 

12 6 

14.1 

16.0 

C.H, 

4.9 1 

1 0 

3 2 

4.0 

3.2 

C,H4 

4.9 

5.6 

6 9 

5.6 

6.1 

C,Hs 

16 8 

18.0 

14.6 

16.7 

13.2 

C 4 HX 0 

4.7 

6.1 

! 7 0 

2.2 

6.2 

c»+ 

1.5 

3.1 

Trace 

1.0 

1.4 

Expansion. . . . 

1 02 

1 02 

1 02 

1.06 

1 03 

Per cent CiHe reacted 

15 1 

18.1 

36 2 

46.7 

43.6 

Per cent CjH« to liquid 

6.2 

7.2 

16.3 

23.2 

20.4 


at —SO^C. These traps were connected in series, were as close together 
as possible, and were in the same Dewar vessel. These traps will be 
designated 1 and 2 in the order of flow. The exit of trap 2 was connected 
to two similar traps (3 and 4) by a glass tube 15 cm. long. Traps 3 and 4 
were also maintained at —50®C. At the end of the run the amount of 
liquid in the various traps should decrease in the order 1 > 2 > 3 > 4. 
Instead, the order was 1 > 3 > 2 > 4. Apparently, additional forma- 
tion of liquid occurs in the relatively long tube comiecting traps 2 and 3. 
This would indicate that some active particle is present which is capable 
of forming liquid products. At the same time, the particle seems to be 
fairly stable and a life of the order of a minute or so, since it has passed 
through the spirals of both traps 1 and 2 without being deactivated (159). 

Since these active particles are intimately connected with the formation 
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of liquid, it seems quite likely that a careful study of their nature and, if 
possible, their reactions, would be most fruitful in determining the mecha- 
nism of the electrical reactions of hydrocarbons. Certainly an under- 
standing of the fundamentals of these particles would help in the develop- 
ment of these electrical reactions (163). 

As has been indicated, the ozonizer discharge causes the formation of 
liquid products from ethane. A yield of 5.12 cc. of liquid has been ob- 
tained from 11.66 g. of ethane. In these experiments, 2 kw.-hr. are 
required for each gram of liquid. The properties of the liquid are as 
follows (159): 

Color 
Density 

^Sun 

Molecular weight (cryoscopic in benzene) 

Bromine 
Per cent C 
Per cent H 
Empirical formula 

In attempting to control the molecular weight of the liquid product, it 
was found that raising the temperature of the ozonizer from 35® to 70°C. 
lowered the average molecular weight of the liquid from 467 to 105. 
This was thought to be due to a lowering of the viscosity of the liquid, 
permitting it to drain from the discharge more rapidly and thus reducing 
the amount of secondary action of the discharge on the liquid. 

Ethane was studied in the ozonizer, in the semi-corona with both low- 
and high-frequency excitation, and in the corona discharge with the object 
of determining the effect of the type of discharge and the discharge con- 
ditions on the reaction products from ethane (160). The results of this 
study are summarized in table 12. 

From these data it was concluded that the type of discharge had little 
effect on the properties of the liquid. When a liquid of low molecular 
weight is desired, the apparatus should be designed so that the liquid 
originally formed is removed from the discharge as soon after its formation 
as possible. Wlien a liquid of high molecular weight is desired, the pri- 
mary liquid should be left in the discharge to undergo secondary reaction. 

To obtain sufficient liquid product to examine in more detail, eleven 
semi-corona tubes were connected in parallel electrically and in series for 
gas flow. Traps kept at 0®C. were placed at the exit of each semi-corona 
tube. The properties of these liquids from the traps were as follows: 
molecular weight, 170 to 210; density, 0.81 to 0.87; n^n, 1.46 to 1.48. 
Ethane was converted to 48 per cent of liquid and solid. The energy 
yields were 0.62 g. of liquid or 0.625 g. of liquid plus solid per kilowatt 


Reddish yellow 
0 862 
1.4900 
467 

Unsaturated 
85.48 
13 09 



KEACTIONS OP HYDROCARBONS IN DISCHARGES 


33 


hour (161). (In this experiment, the semi-corona center electrode was an 
aluminum rod 0.3 cm. in diameter. The voltage was 18,000 volts of 60 
cycles.) 

When ethane was passed through a glow discharge and the reaction 
products passed over a silver mirror, the mirror remained unchanged. 
Hydrogen and a resin were isolated as reaction products (14). 

TABLE 12 


Condensates of low molecular weight from ethane 


TTPIl or DI8CHAROX 

VOLTS 

MILLl- 

All- 

rKROS 

TBII- 

PSRA- 

TUHB 

OF 

XLBC 

TRODXS 

TSM- 

PSRA- 

TUR» 

OP 

TRAPS 

IfOLKCTT- 

LAR 

WBIOHT 

OF 

LIQUID 

„20* 

"Sun 

COLOR 

LIQUID 

Ozonizer. 

11600 

1 

“C 

25 

•c. 

25 

467 

1.4900 

Red-brown 

ee. psr 
how 

0.028 

Ozonizer 

11600 

1 

70 

25 

188 

1.4642 

Slightly 

0.011 

Ozonizer . . 

11600 

1 

70 

-50 

184 

1.4509 

yellow 

Slightly 

0.006 

Semi-corona^*^ 

11600 

1 

70 

-50 

156 

1.4467 

yellow 

Slightly 

0.063 

Semi-corona^**^ 

11600 

1 

18 

-50 

106 

1.4503 

yellow 

Slightly 

0.100 

Semi-corona^**^ 

11600 

1 

70 

-50 

105 

1.4294 

yellow 

Yellow 

0.100 

High-frequency 

semi-corona^**^ 

3000 

135 

70 

-50 

95^*** 


Red-yellow 

0.060 

High-frequency 

semi-corona^**^ 

10000 

700 

35 

-50 

109 

1 4204 

Light yellow 

0 100 

Corona^®^ 

8000 

1 


-58 

81 and 
182f®> 


Red-yellow 

0.060 


Platinum corona wire. 

Aluminum corona rod. 

Aluminum tube and platinum wire corona. 

The lighter of two fractions, the heavier fraction was too insoluble in benzene. 

Two fractions separated by vacuum distillation. 

4. Propane 

By using the same eleven-tube semi-corona discharge apparatus de- 
scribed above, results were obtained which are summarized in table 
13 (161). 

In the ozonizer, propane was decomposed to the extent of 93 per cent to 
give 74 per cent of a liquid product whose average composition agreed 
with CnH 2 n (163). Later this study was extended to include careful anal- 
ysis of the gaseous reaction products (166). These analyses have been 
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converted to moles of product per 100 moles of propane reacted. The 
results are given jn table 14. 


TABLE 13 


Action of the semi-corona discharge on propane 



BUN 1 

BUN 2 

Rate of flo\\ , liters per hour 

1 45 

0 514 

Time, days 

9 

10 

Propane ehargcd, grams 

550 

218 

Composition of gas produced, per cent: 
lb -f CIL 

20 06 

45 00 

CaHe 

7 05 

9.78 

C.lb 

64.50 

41.60 

C 4 H 10 + higher 

2 39 

4 53 

Liquid, grams 

37.09 

63.42 

Molecular weight of liquid 

115-183 

120-160 

Density of liquid 

0 7424-0 8392 

0.70-0.82 

^Sun 

1 4300-1 4673 

1 4352-1 4563 

Solid, grams 


63.64 

Carbon on aluminum rod 


1.00 

(Grams of liquid per gram of gas charged) 
X 100 ; 

6 7 

29 0 

(Grams of liquid and solid per gram of gas 
charged) X 1(X) 


58 5 

Grams of liquid per kilowatt-hour 

0 455 

0.480 

Grams of liquid and solid per kilowatt-hour 


0 985 


TABLE 14 


Products from propane in the ozonizer discharge 


Time, minutes 

Products, moles per 100 moles of 

24.5 j 

24.5 

73.5 


73.5 

profiane reacted: 

H, 

48.2 

44.0 

53.0 


55.8 

CH 4 

[ 18.4 

22 3 

28.6 


27.7 

CAU 



5.5 


4.5 

CtlU 

Trace 


6 3 


6.8 

C,Il 4 

10.8 

3 4 

5.9 


7.6 

C,H« 

39.8 

48.0 

15.9 


17.5 

C 4 H 10 

12 3 

10.0 

7.0 


5.7 


4.8 

3.4 

0.8 


Trace 

Expansion 

1 05 

1 05 

1.10 


1.11 

Per cent CiTId reacted 

12 3 

13.3 

36.0 


40.4 

Per cent C»Ht to liquid 

2.7 

3 1 

18.1 


20.6 


The follo\nng reaction scheme Ls proposed to account for these products. 
As proposed^ these reactions can account for about 85 per cent of the re- 
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acted propane. The reactions which are proposed as the primary reac- 
tions are separated from those thought to be secondary reactions. It will 
be noted that the ratio of the reactions to one another changes as the re- 
action time is increased from 24.5 min. to 73.5 min. 


BKACTIONS 

PER CENT OP BBACnON IN REACTION TXME OP 


24.6 iDtn 

73.6 mm. 

Primary reactions: 



C,H, C,H. + H. 

46 

49 

CjHb C 2 H 4 + CH 4 

16 

27 

2C,H8 C 4 H 10 + CaH« 

11 

7 

2C,H8 + CH 4 

4 

1 

Secondary reactions : 
nC,He (C,He)n 

2 

32 

mC2H4 {C2H4)« 

1 

16 

C 2 H 4 CaHj + Ha 

0 

5 


The most important primary reaction is the dehydrogenation of pro- 
pane to propene, which may be isolated as such or, if the action of the 
discharge continues, secondary reactions involving propene occur. These 
are indicated as polymerization in the table. 

The second reaction of importance is the demethanation of propane, 
forming methane and ethylene, with the ethylene undergoing secondary 
reactions, indicated as polymerization. It should be noted that this in- 
terpretation of these data indicates that ethylene, under these conditions, 
is more susceptible to reaction than propene. 

The above two reactions, dehydrogenation and demethanation, are also 
the main thermal reactions of propane. The ratio of the two reactions is 
quite different; in thermal reactions the ratio of dehydrogenation to de- 
methanation is 0.8 (227), while in the ozonizcr experiment above it is 
about 2. 

The reactions proposed to account for butane and pentane are of con- 
siderable theoretical interest, although they are of minor importance in 
accounting for the amount of propane reacted. It seems quite possible 
that activated propane molecules collide and fonn an association product 
that is stable for appreciable periods of time, i.e., long enough for a re- 
arrangement of the valence forces within the molecule. 

C,Hg + CgHs* ii; [CeHig]* 

It should be noted in passing that increased pressure should favor this 
type of reaction to the detriment of the dehydrogenation and demethana- 
tion. 
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If the valen(‘e forces within tliis activated complex do not rearrange, 
it reverts to propane; if they do rearrange, then it breaks down into 
butanci and ethane or pentane plus methane. It is quite possible that the 
rearrangenuint of the valence forces could extend so far that appreciable 
amounts of isobutane and isopentane are formed. Further, it is quite 
possible* that the complex could decompose to give hexanes and hydrogen, 
although it is not possible to decide from the data available. 

This type of reaction has been proposed to account for the reactions of 
hydrocarbons caused by alpha-particles and has been extended to include 
the electrical reactions (162, 163). The theory has been called the “ion 
cluster” theory and in the case of propane would apply as follows: 

CjHs — ► C8H8+ + e (ionizing) 

C 3 H 8 + + CsHg [CsHg-CsHs]-^ (clustering) 

[CaHg-CaHs]"*' + e — ^ CtRu + Hg (de-ionization or 

neutralization) 

This theory is a very useful one. It seems to the present authors that 
it is possible of even broader application than to ions. As we have indi- 
cated ill the discussion above, the clustering or at least association between 
molecules with eith(;r or both activated, is a useful concept. In the ion 
cluster theory, the charge on the ion gives a physical reason for expecting 
association, while in the activated molecule no such obvious reason is 
apparent. We see no immediately apparent reason why two saturated 
molecules with a certain combined energy of activation should not be able 
to form an unstable molecule within which valence changes could occur 
before dissociation without ionization occurring at any time. The dis- 
sociation of the r(*arranged product gives two new paraffin molecules. 

5, Butanes 

Using the elev('n-tube serni-corona discharge apparatus described, the 
results summarized in table 15 were obtained (161). 

The same butane mixture has also been studied in an ozonizer system 
consisting of twelve discharge vessels connected in parallel as to gas flow 
and electrically. The applied voltage was 20,000 volts of 60 cycles. 
The run lasted 659 hr., during which time 5420 g. of butane was charged 
and 1041 cc. (833 g.) of liquid was produced. The liquid product boiled 
from 0°C. at 740 mm. to 230°C. at 10~^ mm. Careful fractionating of the 
liquid gave only one fraction (8.0 g.), which had the properties of an octane 
containing 22 per cent of octene (162). This (833 g.) is the largest amount 
of liquid so far reporteil as produced from a hydrocarbon gas by electrical 
means. 
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Later (166) the gases formed in the treatment of a mixture containing 
75 per cent of n-butane and 25 per cent of isobutane in an ozonizcr were 
analyzed. The time of treatment was 24,5 min. We have calculated the 
analyses to moles of product per 100 moles of butanes reacted (table 16). 

TABLE 15 


Semi-cof'ona discharge in butane* 


Gas flow, liters per hour 

0.60 

Time, days 

5.7 

Gas used, grams 

192 

Volts 

18,000 

Liquid yield, grams 

71.1 

Molecular weight of liquid 

110-140 

Density of liquid 

0 74-0 78 

^Sun 

1 43-1.46 

Solid on glass wall, grams 

70 0 

Carbon, grams 

1.0 

Yield, (grams of liquid per gram of gas) X 100 

37 

Yield, (grams of liquid and solid per gram <)f gas) X 100 

73.5 

Grams of liquid per kilowatt-hour 

1.09 

Grams of liquid and solid per kilowatt-hour 

2.23 


* The butane used in this experiment was 75 per cent n-butane and 26 per cent 
isobutane (private communication). 


TABLE 16 


Products from mixed butanes in the ozonizer 


Products, moles per 100 moles of butanes reacted: 

H, 

16 6 

CH* 

11.2 

C,H4 

1.2 

C,H. 

5.3 

C,H. 

19.3 

C,H, 

61.6 

C4H« 

6.3 

C 4 H 1 , 

1 5 

Expansion 

1 05 

Per cent C 4 Hio reacted 

34.3 

Per cent C 4 H 10 to liquid 

11.3 


We have not been able to set up equations which will explain these 
results. The original workers prefer to regard the data as preliminary, 
since they were unable to separate closely the propane and isobutane by 
their method of fractionation. They do make the interesting observation 
that isobutane seems to be formed in the reaction. 

From a knowledge of the thermal reactions of butane and by analogy 
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with the propane reactions w^e think that the following equations will ex- 
press the primary reactions of the butanes. No attempt is made to es- 
timate the relative importance of the various reactions, 

C4H10 C4H8 + Hj 

C4H10 C,H 6 + CH4 

C4Hio~^C,H 4 + C,Hfi 

2C4H10 C5H12 + CbHs 

2C4H10 C6H14 + C,H 8 

2C4H10 — CtHia + CH 4 

2C4H10 CgHw + II 2 

It is quit(^ possible that the isomerization reaction can be explained 
adequately by the equation: 

n-C4Hio + n-C4Hio* (CgHjo)* t-C4Hio + n-C4Hio 

using the intermediate activated complex device employed with propane. 
In the case of propane, the complex could decompose back to propane and 
not be noticed, but in the case of butane, it is quite possible for a rear- 
rangement to occur and the product decompose into isomerized butane, 
either or both contributing molecules being isomerized. 

Normal butane in the glow discharge gives fragments (radicals) that 
remove lead and antimony mirrors. The reaction products were not 
identified (213). 


6. Isohutane 

It has been stated (166) that isobutane in the ozonizer ‘‘did not show 
appreciable differences compared with its isomer’ \ Presumably this 
statement applies only to the rate of the reaction, for no analysis of the 
reaction products is given. 

Experience with the thermal reactions of isobutane leads one to expect 
it to give different ratios of the dehydrogenation and demethanation 
reactions compared to n-butane, even though the overall reaction rates 
are of the same order of magnitude. 

7, n-Pentane 

At “reduced pressure” in an ozonizer, n-pentane gives a decane, a dec- 
ene, and a yellowish brown compound having the empirical formula 
(179). An analysis of the gas produced is not available. 

In the glow discharge (213) fragments (radicals) are produced that re- 



REACTION© OF HYDROCARBONS IN DISCHARGES 


39 


moved lead and antimony mirrors. The other products of the reaction 
have not been reported. The spectrograms made from the light emitted 
by the electrodeless discharge in n-pentane give lines which are due to 
to hydrogen atoms and CH radicals (11). A solid brown deposit formed in 
the discharge tube. 

Table 17 gives an analysis of the gas formed from n-pentane in the glow 
discharge. 


TABLE 17 


Paraffinic hydrocarbons in the glow dtscharg- 


1 

BTOBOCAHBONB 

AKALTSIB or OAft IM VOLUlia PBR CBNT 

dp/dt 1 

W 

Hi 

Acety- 

lenes 

Olcdns 

Pantffins 


per e*nt 

percent 

per cent 

per cent 



n-Pentane 

60.2 

10.0 

17 7 

12.1 

60 

1.21 

n-Heptane 

46 0 

' 9.7 

26 9 

17.5 

101 

0.36 

n-Octane 

48.9 

13.8 i 

16 6 

20.8 

105 


2,2, 4-T rimethyl pentane 

63 2 

3 5 

27 1 

16.2 

97 

1.32 

2 , 7-Dimethyloctane 

56.6 

15.1 

15.5 

12 9 

118 

0.62 

n-Docosane 

55.7 

11 2 

25 7 

7.4 

155 

1.54 


dp/dt *» rate of gas formation, in cubic centimeters per milHampere per second X 10*. 
W * rate of solid formation, in grams per milliampere per second X lO*. 


<^. Isopentane 

In the ozonizer, isopentane gives a gas containing hydrogen and methane 
along with 5 per cent of unsaturatcd hydrocarbons. Fractionation of the 
liquid product gave a liquid boiling at 100-1 10®C. and having a molecular 
weight of 118.6. This fraction was thought to contain an octane (177). 

Isopentane has also been studied in an ozonizer in the presence of 
ammonia. The products consisted of olefins and a base thought to be 
a hexenylamine (178). 


9, n-Hexane 

Hexane gave a gas containing 40 per cent of hydrogen, 58 per cent of 
saturated hydrocarbons, and 2 per cent of unsaturated hydrocarbons when 
treated in an ozonizer. The liquid product formed simultaneously was 
separated by steam distillation into a colorless, mobile liquid and a yellow- 
ish, thick, clear mass. Fractions of the volatile liquid separated by dis- 
tillation contained from 0.19 to 4.32 per cent of oxygen. One of the frac- 
tions had a vapor density corresponding to a heptane (177). 

It was observed that hexan(; was more stable than isopentane under 
comparable conditions (177). 
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By conducting; similar experiments at reduced pressure, dodecane 
(C 6 Hi 3 ) 2 , a colorless liquid having the formula (C 6 Hi 2 ) 2 , and a yellowish 
brown product (C 36 H 64 ) were observed (179). 

When a high-frequency discharge was used to excite the ozonizer, 
hexane at the boiling point gave a gas having the following composition: 
43 per cent H2; 12 per cent CH4; 6 per cent C2He; 21 per cent C2H4; 11 
per cent CsHg; 6 per cent CsHg. In addition to this, a ~7()°C. trap in the 
exit liru‘ contained liquefied gas which analyzed as 70 per cent CaHc and 
30 ])er cent CsHg. The residual liquid contained 5 per cent of 1-hexene 
and a liquid boiling at 45“120°C. at 15 mm., besides the unchanged 
hexane. This higher boiling liquid contained a small amount of olefinic 
hydrocarbons. The olefinic constituents were saturated by hydrogenation. 
The fraction boiling above 100®C. at 15 mm. was judged to be cyclic in 
nature by its hydrogen content. The cyclic compounds were thought to 
arise from the bivalent radical — CH 2 CH 2 CH 2 — (222). 

The differences between the composition of the gases reported to result 
from the treatment of hexane are worthy of note. These differences 
emphasize the fact that all the factors in the electrical treatment are 
probably not known and not readily controlled. While the frequencies of 
the discharges are different, it seems that this is not the only difference 
(c/. 56), 


10, n-Heptane 

When nickel electrodes were used in a glow discharge, heptane liberated 
hydrogen and formed a brownish yellow solid which would slowly absorb 
oxygen. It was partly soluble in organic solvents and reacted with sul- 
furic and nitric acids and with bromine (53) (see also table 17). 

The spectnim analysis of the glow discharge in heptane indicates the 
presence of carbon and hydrogen atoms and of CH, C 2 , and H 2 molecules 
(104, 105, 106). 

A spectrometric study of the electrodeless discharge in heptane indicates 
the presence of C+ ions as well as CH molecules and carbon and hydrogen 
atoms (104, 107). 

Heptane in the glow discharge gave fragments that removed antimony 
mirrors (213). 


11 , 2 ,2 yJ^-Trirmihylpentane 

A spectrogram of the light emitted by this hydrocarbon in the electrode- 
less discharge has been made (11), but none of the details have been re- 
ported. 

Table 17 gives an analysis of the gas produced from 2,2,4-trimethyl- 
pentane in the glow discharge. 
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12, Higher paraffinic hydrocarbons 

A number of the higher hydrocarbons, including some of those already 
discussed, have been studied in the glow discharge. The studies were 
made at reduced pressures and the gaseous products analyzed. The 
results are summarized in table 17. The table clearly indicates (a) the 
pow’erful dehydrogenating action of this type of discharge and (6) the 
formation of unsaturated gaseous products (168, 170). 

A comparison of the data on the two octanes, n-octane and 2,2,4- 
trimethylpentane, indicates that the branchcd-chain isomer reacts more 
slowly (lower Ap/Ai) but gives more dehydrogenation a' id more gaseous 
olefins, while the straight-chain compound gives more acetylenes and more 
paraffinic gases (167). 

‘^Liquid paraffins” in the ozonizer lose hydrogen and increase in molecu- 
lar weight and viscosity (78). 

We may now ask what the available data indicate towards the commer- 
cial utilization of natural gas and gasoline. First, it must be noted that in 
cases where the power requirements have been measured they are high 
compared to the amount of chemical changes produced. With more 
work, it is certain that the power requirements can be reduced. Before 
any extensive program is undertaken in this direction, it is advisable that 
the antiknock quality of some of the products in the gasoline boiling range 
be determined. This will help to decide a part of the potentialities in this 
direction. 

F. THEORETICAL DISCUSSION 

The theory of the various types of silent discliarge has been excellently 
presented recently (96, 172), so there is no reason to repeat it here. It does 
seem worth while to review a few of the essentials and this can be done 
most clearly with the glow discharge. Particular attention will be paid to 
the source of chemical action. 

Essentials of the glow discharge 

The glow discharge has been studied in sufficient detail with elemental 
gases so that it is fairly well understood (43, 44, 224, 253), The discharge 
takes place at pressures from about 0.01 to 20 mm. of mercury, so that 
particles in the discharge have a much longer mean free path than at 
atmospheric pressures. A diagram of this type of discharge is given in 
figure 2 with the characteristic portions of the discharge labeled. 

In the cathode glow there exists a region of high positive-ion density 
due to the electrostatic attraction of the negative electrode (cathode). 
The luminosity is probably due to excitation of molecules by positive- 
ion collision. 
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The negative glow is usually the region of greatest luminosity. In it 
the electron, positive ion, and probably the excited molecule densities 
are highest. It is a region of almost constant potential. 

The Crookes dark space ac(;oiints for most of the potential drop of the 
discharge, and this is where a large portion of the energy dissipation 
occurs (10). It contains electrons moving towards the anode and positive 
ions moving towards th(' cathode. 

The Faraday dark space resembles the Crookes dark space, but the 
energy dissipation and potential drop are much less. 

The positive column is a region of uniform ion density and energy un- 
less the column is striated, in which case the energy and ion density vary 
with the striations. In both cases the electron energies are less than those 
obtained in the Crookes dark space. The positive ion and electron densi- 
ties are about 1 /100th as great as the densities in the negative glow. 

In the anode glow the electron energy is a little higher than in the posi- 
tive column. 

The properties of the individual zones of the discharge and the changes 
occurring will be discussed, starting with an electron close to the cathode. 
(The source of the electron at this point will be dealt with later.) Owing to 
the electrostatic repulsion of the cathode, the electron moves into the 
Crookes dark space, i.e,, the region of greatest potential drop. Owing to 
this potential the electron is accelerated, its final velocity depending on 
the potential drop and the pressure in the discharge vessel, i.e., the num- 
ber of molecules in its path. During this acceleration three types of 
collisions with molecules occur: (1) Elastic collisions; no energy lost or 
gained. (2) Ionizing collisions; a positive ion and electron result. (3) 
Activating collisions; the quantum state of a molecule is raised. This 
energy may in turn be converted into vibrational energy. 

Methods for accurately determining the magnitude of each of these 
processes are not available. It is known that each electron leaving the 
cathode forms from fifty to one hundred secondary electrons by ionizing 
collisions (55, 168). The energy required for an ionizing collision is 
usually greater than that for an activating collision. Therefore each 
electron leaving the cathode will undergo many activating collisions. 
Only ionized and activated molecules have the energy necessary for chemi- 
cal reaction, so the elastic collisions may be neglected. 

Following the electron through the discharge, we have just shown that it 
receives most of its energy in the Crookes dark space. In the negative 
glow" the effects of this energy are made manifest, as these electrons con- 
tinue the loss of this energy in collisions. In this region the electrons 
must complete the process of forming enough positive ions to maintain 
the discharge. 
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Since we are concerned with the chemical action of the dischargCi we 
can regard the rest of the discharge as a diffusion of electrons towards the 
anode, where they are neutralized, and a diffusion of positive ions towards 
the cathode. 

Consider now the positive ions, which are formed mainly in the nega- 
tive glow and the Crookes dark space. These ions will tend to move to- 
wards the cathode, owing to electrostatic attraction. Even in the Crookes 
dark space region where this action is greatest, it is quite improbable that 
these ions will obtain suflS.cient kinetic energy to cause the activation of 
other molecules by collisions unless the pressure is low ^0.1 mm. or less). 
The ions do not obtain this energ>', (1) because they are heavy when com- 
pared to electrons and (;8) because of their large collision area it is more 
probable that they will lose what excess energy thej^ gain, by decelerating 
collisions. In this respect the positive ions are quite different from elec- 
trons (cf. 198). 

Eventually most of the positive ions reach the cathode and are dis- 
charged. In this discharging process many of the positive ions cause the 
liberation of an electron from the cathode vsurface. This is the source of 
the electron at this point, referred to earlier in this discussion. For the 
discharge to he maintaimd it is essential that every electron leaving the cathode 
surface form a positive ion which will re/ich the cathode and liberate another 
electron. 

When an alternating current is used instead of a direct current in the 
glow discharge, each electrode alternately acts as the cathode. When the 
alternations are of the order of 60 cycles per second, the discharge gives the 
appearance of having a Crookes dark space near each electrode with the 
positive column in the center. As the frequency is further increased, the 
length of the Crookes dark space decreases. This in turn means a greater 
potential gradient in this region, w^hich in turn produces electrons having 
greater energies (velocities). Since the length of the Crookes dark space 
is shortened, the total number of electrons formed and accelerated in this 
region probably decreases. This readily explains the observation that 
methane, ethylene, and acetylene undergo more profound changes with 
frequencies of 15 X 10® cycles per second (20 meters wave length), while 
the total amount of reaction is greater at 6 X 10® cycles per second (48 
meters) (65, 204). 

Considering the chemical action of the discharge applied to hydrocar- 
bons, w^e must admit that little is known about the chemical reactions of 
hydrocarbon ions. We do not know even whether chemical reaction ac- 
companies the neutralization of a hydrocarbon ion at the cathode. A 
little more is known about the a.^tivated molecules from thennal activation 
in pyrolytic work. There are essential differences between thermal ac- 
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tivation and electrical (or to be more exact, electronic) activation. In 
thermal activation, energy must be put into the entire aggregation of mole- 
cules and there is only a certain limited probability that the energy will be 
concentrated in a given bond and cause chemical reaction. In electronic 
activation the electron collides with the electron which forms a part of the 
chemical bond, prodiuang activation directly without adding to the trans- 
lational or rotational energy of the molecule. From tliis point of view the 
electrical method is the more efficient method of activating the molecule 
to cause chemical reaction. 

We can sum up the discussion with the statement that accelerated elec- 
trons and ions cause the activation of molecules so that chemical reaction 
may take place at pressures below about 0.1 mm. Above this pressure 
the ions activate few(;r molecules, so that at atmospheric pressure the 
electron can be regarded as the primary activating agency. 

It will be noted from the above discussion that it is not necessary for a 
molecule to become ionized to react chemically in the discharge (73). If we 
assume that a hydrocarbon ion can be discharged at the cathode without 
undergoing chemical reaction, then it would seem that only a very minor 
portion of the reaction product would be due to ions. (The above as- 
sumption can be partly justified by noting that the energy of neutraliza- 
tion at the (*athodc can be used to liberate an electron from the cathode, a 
process which is essential to the maintenance of the discharge.) 

The fundamentals of the glow discharge may be summarized (43) as 
follows (/) The major part of the chemical reaction takes place in the 
negative glow, {2) The reaction rate in the negative glow is independent 
of pressure within the limits 0.2 to 20 mm. (5) The rate of reaction is 
proportional to the current. (4) Reactions in the negative glow have a 
zero or negative temperature coefficient. (5) In synthesis (combination 
of two or more molecules) the rate of reaction is accelerated by the ad- 
dition of the gas having the higher ionization potential and retarded by 
the addition of the gas with the lower potential. 

in addition to the above theory of the glow discharge, there are several 
interesting points about the ozonizer discharge which should be noted 
(c/. 148): 

1. If the glass acts as an electrode, then we might well expect some 
chmige ill the glass. This has been noted in several cases. The action is 
an erosion of the glass until it assumes the appearance of a ground-glass 
surface. As the eroding action continues, the glass is finally punctured 
by the electrical potential and becomes useless for further service (78), 

2. When the ozonizer apparatus is supplied with a 60-cycle alternating 
current, it has been found that the electrical condenser (capacity) charac- 
teristic comes into resonance w ith the inductive part of the circuit causing 
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high-frequency oscillations (144, 65, 99). It is thus not possible to say 
what part of the chemical action of the discharge is due to the frequency 
supplied and what part due to the resonance frequency. 

3. Chemical action taking place in the ozonizer apparatus increases 
the electrical conductance of that apparatus. For example, an ozonizer 
causing chemical reaction in a gas conducts more current than the same 
apparatus with the reaction space filled with mercury (144). 

By studying several hydrocarbons under comparable conditions, rela- 
tive reaction rates are obtained from the per cent of hydrocarbon reacted 
in a given time (166) (see table 18). 

If we knew the number and energy of the electrons causing the reaction, 
we would be able to calculate the relative reaction rates in more fundamen- 
tal terms. The technique for such a determination has not been worked 
out. Nevertheless this has been approximated by Lind and Schultze (166), 


TABLE 18 

Relative stability of hydrocarbons in the ozonizer discharge 


HYDROCARBON I 

PBR CRNT RRACTBO 

CH 4 . . . i 

7.9 

C,H. . 

17 0 

C,H« 

12.9 

C 4 H 10 (both isomers). 

32.8 

C,H4... 

39 6 

CiH, 

66.0 

C,H, 

76.6 


using similar data obtained with alpha-particles where the energy and 
number of activating particles are known. This approximation uses the 
following quantities: M = number of molecules reacting; N = number of 
ion pairs (alpha-particles); k = total specific ionization of the reacting 
molecule; and s = ion-stopping power of the reacting molecule, k and 8 
are obtained in terms of Bragg's equations (41). 

It is then assumed that the quantity 


governs the electrical reactions of hydrocarbons. 

In the alpha-ray work, M/N and ks are known for several hydrocarbons* 
For example, M/N for methane is 2 and k$ = 1, so that 
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Now if this quantity ^ ks governs the rate of reactions in the electrical 

discharge, then the per cent conversion should |be proportioned to ^ks 
under comparable conditions, i.e., 

per cent conversion = C — ks 

where C is a function of the apparatus, the conditions of the experiment, 
etc. As these were fixed, C is a constant and should be applicable to all 
hydrocarbons studied under those fixed conditions. In the case of meth- 


TABLE 19 


Relative stability of hydrocarbons to the ozomzer discharge compared with the stability 

to alpha-particles 



CUi 

C*H. 

CiHt 

C4H10 

C*H 4 

CiHt 

C«Hi 

M 

— from alpha-ray work 

N 

2 

2 


2 


2 

5 5 

4.9 

19 2 

ks 

1 0 

2 


3 

0 

4 0 

1 7 

2 58 

1.4 

Per cent conversion (table 18) 

7 9 

! 17 

0 1 

12 

9 

32.8 

39.6 1 

48 0 

75 5 

Calculated 77 ks (electrical) 
N 

2 * 

4 

5 

3 

3 

8 3 

9 9 

12 2 

19.1 

M 

— ks (alpha-ray) 

N 

2 

4 


1 ^ 


8 

9 4 

12 6 

27 7 


* This value was used in evaluating C, 


ane the per cent conversion is 7.9 per cent under these conditions. 
Using the above values of M/N and ks for methane we get 

7.9 = 2C 

C = 3.95 

M 

We can now use C to calculate ^ ks for the electrical reactions and com- 

N 

pare them with the experimentally determined alpha-ray studies. The 
values are summarized in table 19. With the exception of propane and 
acetylene the agreement is good. The reaction of acetylene is known to 
involve some inhibiting factor whose nature is unknown. No explana- 
tion can be given for the result with propane. 

This work of Lind and Schultze indicates that the fundamentals of the 
electrical reactions are beginning to be understood. At first sight, it 
would seem that, by using the total specific ionization, fc, every molecule 
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must become ionized to react. An analogous factor, “the total specific 
activation'^ can be introduced and, if the total specific activation is 
proportional to the total specific ionization, the same relationships still 
hold. Our contention that ionization is essential to maintain the dis- 
charge but is not essential for reaction is unchanged. 

IV. Reactions in Arc and Spark (Disruptive) Discharges 

“The arc discharge is characterized and distinguished from other types 
of discharge by its exceptionally low cathode fall of potential and its high 
current densities" (that is, amperes to thousands of amperes per square 
centimeter; 172, page 605). The spark is “an unstable and discontinuous 
occurrence marking the transition from one more or less stable condition 
of current between electrodes in a gas, to another one" (172, page 408). 
Thus, in many cases the spark is a precursor of the arc. (For an excellent 
bibliography and theory of the spark see reference 184.) 

The arc and spark are also closely related in the types of reactions that 
they cause when the discharge takes place in hydrocarbons. In both 
cases the reactions are those that would be expected if the hydrocarbons 
were exposed to high temperatures, i.e., 1500®C. and perhaps higher. In 
dealing with such high temperatures it must be remembered that the reac- 
tion zone is restricted and consequently the contact tim(j can be made very 
short so that the reaction is controlled. While there may be electrical 
effects on the hydrocarbon in the spark discharge, there is reasonable doubt 
that there is any such effect in the arc (81). 

While the thermal effect is probably the outstanding effect in these 
discharges, it is noticeable that the electrode material in many cases plays 
an important r61e in the reaction. This may be due to a catalytic effect, 
as in the case of iron or nickel, or it may be a definite chemical reaction 
where the electrodes actually take part in the reaction, as has been noticed 
in some cases with carbon electrodes. Undoubtedly there are also elec- 
trons and ions in these discharges. Just how much they influence the 
final reaction products cannot be told at this time. 

With these effects in mind it is not possible as yet to present any satis- 
factory mechanism for the reactions taking place. 

A. BBACnONS OF HYDROCARBONS IN THE SPARK DISCHARGE 
1, Methane 

It was realized quite early (1798) that electric sparks caused reactions in 
hydrocarbon gases (115) with the formation of higher boiling products. 
It was also soon found that the spark also decomposed the hydrocarbons 
into carbon and hydrogen (60, 115, 209). It is quite possible that acety- 
lene was also present but remained undetected in the large volume of 
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hydrogen. It remained for Berthelot (23), in his comprehensive studies 
on acetylene, to show its presence. Table 20 gives a summary of the work 
that has been done. 


TABLE 20 


Gaseous paraffins tn the spark discharge 


HTDBOCARBON 

REACTION PRODUCTS 

RlUrilBBNCB 

Hydrocarbon gas . 

Hj, C, liquids 

(115) 

Hydrocarbon gas.. 

IL, C 

(35, 47, 60, 89, 
156, 209, 250) 

VAU 

H 2 , C 2 II 2 , C, 80% increase in volume 

(23) 

CH 4 

12.5% CaHg (50% yield on methane reacted) 

(21, 24) 

CH 4 

Up to 14% Calli, 65% Ha. Carbon, and 
liquid and solid hydrocarbons 

(236) 

CH 4 

5 volumes Ha and 1 volume Calla 

(93) 

OIL 

H», C,Ha 

(58) 

CH 4 

One or both electrodes metal : Ha and C 

Both electrodes carbon: Ha and CaHa 

(182) 

CII 4 

7 volumes Ha and 1 volume CaHa 

(30) 

CH 4 

Olefins and acetylenes 

(132) 

CH 4 

Ha, CaHa 

(3) 

C,He 

Ha, CH 4 , CaHa, and C,H 4 

(93) 

C,H« 

Ha, CaHa 

(3) 

C,H. 

Ha, CaHa 

(3) 

n-C4Hio 

Ha, CaHa 

(3) 

i-C4Hio 

H„ CaH, 

(3) 


TABLE 21 

Products formed by treating methane with electric sparks 
Volume per cent of products in final gas at pressures indicates 


TIME OP 


0 LBFIN 8 



ACSTTLENES 


8PARXINO 

40 cm 

00 cm 

70 cm. 

40 cm. 

00 cm 

70 cm. 

1 

1 10 

2.05 

3 90 

7 50 

4.85 

5 20 

2 

1 55 

3 15 

5.35 

8 45 

7.40 

7.75 

3 

1.90 

3 70 

5 90 

8 90 

7.65 

7 80 

4 

2 20 

4 05 

6 00 

9 00 

7 00 

7.85 


By controlling the pressure and the time of sparking (platinum elec- 
trodes), the reaction products can be controlled to some extent. This is 
indicated in table 21. 

It vnll be noted that the higher pressure favors the olefin yield, but is 
slightly unfavorable to the acetylene yield. For the maximum yield of 
useful products the higher pressure is definitely indicated (132). 

Methane has also been studied using a wide sheet of spark produced 
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between two flat strips of copper. The methane was passed perpendicular 
to the spark sheet. The gaseous product contained 14 per cent of acety- 
lene, ^flarge quantities of hydrogen,” 2 per cent of ethylene, traces of 
hydrogen cyanide, and higher hydrocarbons (236). 

The liquid product was thought to be mainly dipropargyl (CHs 
CCH 2 CH 2 CSCH) along with small amounts of benzene. The yield of 
this liquid varied from 0.007 to 0.026 g. per liter of methane. 

The tar produced contained naphthalene and acenaphthene along with 
other substances not identified. The ^Hield of tar varied from 0.01 to 
0.051 g. per liter of methane. 

In other experiments electrodes of copper, gold, aluminum, or platinum 
did not seem to alter the course of the reaction, while iron electrodes seemed 
to favor carbon formation (236). 

The use of metal electrodes or one metal electrode and one carbon 
electrode is said to favor carbon formation, while acetylene formation is 
favored if both electrodes are carbon (182) when treating methane by 
sparks. 

Methane was treated with sparks of about 50 kilovolts at 100 kilocycles 
The yield of acetylene increased with increasing rate of flow and decreased 
with the reaction time and the rate of decomposition of the methane. The 
methane reacted varied from 73.7 to 100 per cent and the acetylene 5 dclds 
from 38.4 to 47.3 per cent of the methane reacted. Dilution of the 
methane with an equal volume of hydrogen or carbon monoxide increased 
the acetylene yield. Nitrogen changed the yield slightly and carbon 
dioxide, oxygen, or water vapor decreased the acetylene yield greatly (3) . 

The physical changes taking place in a spark between nickel or copper 
electrodes in methane have been observed through a low-powered micro- 
scope. The electrical source was a high tension d.c. magneto. When 
there is no added resistance in the circuit, small incandescent particles 
pass to the anode, then fly suddenly to the center of the gap and deposit 
on the cathode. With 5,000 to 100,000 ohms resistance in the circuit, a 
carbonaceous thread-like deposit builds up on the cathode. This deposit 
is conducting, so that the discharge takes place from the anode to the end 
of the deposit. Reversing the polarity of the discharge gradually removes 
a preformed deposit (128). 

2. Ethane 

Ethane when passed through 8- to 47-kilovolt sparks between spherical 
electrodes gave hydrogen, acetylene, methane, and ethylene (93). Ethane 
when treated with 50-kilovolt 100-kilocycle sparks gave hydrogen and 
acetylene, along with minor amounts of ethylene and other saturated 
and unsaturated hydrocarbons. Dilution with hydrogen increased the 
acetylene yield (3). 
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5. Propaney n-butanej and isohutam 

These gases, wJien treated with 50-kilovolt sparks at 100 kilocycles gave 
hydrogen and acetylene as the major products in yields of 61.1 to 87.3 
per cent of theory. Small amounts of ethylene and other olefins and 
paraffins were simultaneously formed (3). 

n-Pentane 

Sparks passed between platinum electrodes immersed in boiling n- 
pentane gave a gas containing hydrogen, methane, and probably ethane, 
ethylene, and acetylene. No carbon was deposited (254). 

5. Ethylene 

Hydrocarbons from ethyl alcohol and from ethyl ether, presumably 
containing ethylene, gave oily droplets on sparking (87). 

The uncontrolled action of sparks on ethylene is to form carbon and 
hydrogen. This has been observed with platinum (60) and copper elec- 


TABLE 22 

Products from ethylene upon passage through a SSyOOO-voU spark 


IJTHYLENB 

VTHTLSKB KBACTXD 

YOLUMX PXB CENT COMPOSITION OP QASBOUS PBODtrCTS 

C,Hi 

Hi 

CHi 

ce per hour 

per cent 

percent 

per cent 

per cent 

754 

85 2 

28 8 

67 8 

3 4 

3115 

58.0 

33 4 

64 8 

00 


trodes (182, 209). The carbon-forming action of aluminum electrodes 
is intense compared with gold electrodes (189). 

If the action of the sparks is controlled, the gas produced contains 14 
per cent of acetylene and 86 per cent of hydrogen (22). It has also been 
noticed that under comparable conditions ethylene reacts more slowly 
than acetylene The ethylene forms a small amount of a liquid product 
that has the odor of turpentine or petroleum (269). 

A mixture of equal volumes of ethylene and argon gave hydrogen and a 
small quantity of methane as the gaseous reaction products (34). The 
effect of the argon is not clear. 

A more quantitative study (93), using 33,000 volts across the spark gap, 
indicates that the extent of decomposition was proportional to the time of 
contact and that some of the acetylene formed originally was decomposed 
into carbon and hydrogen. Table 22 indicates the type of results ob- 
tained (93). 

It is claimed (121) that a spark discharge passed between copper elec- 
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trodes 8 cm. apart with the current adjusted so that the discharge con- 
sumed 60 watts will give products containing 9.1 per cent of propene, 
1.4 per cent of butene, and 7.7 per cent of butadiene when ethylene is 
passed through the discharge at 20 liters per hour. 

Ethylene treated with 50-kilovolt 100-kilocycle sparks gave mainly 
acetylene and hydrogen (3). 

6, Propene, and 2-meihylpropene 

When treated in 50-kilovolt 100-kilooycle sparks these hydrocarbons 
gave acetylene and hydrogen as the main products, with small amounts of 
ethylene and other olefin and parafBn hydrocarbons. When the reacting 
gases were diluted with hydrogen, the amount of ethylene was in- 
creased (3). 


7. Pentenes 

Sparks passed between platinum electrodes dipping in boiling *^amylene^' 
caused the separation of small amounts of carbon and the evolution of a gas 
containing hydrogen, methane, acetylene, ethylene, and probably 
ethane (254). 


8. Acetylene 

Acetylene gives primarily the elements in the spark discharge (20, 26, 
33, 88, 194, 268), although small amounts of liquid and polyacetylenes 
have been detected (28). The tendency for acetylene to revert to carbon 
and hydrogen can be vividly illustrated by the observation that an electric 
spark in acetylene at 3 atmospheres pressure caused a violent explo- 
sion (48). 


9, Butadiyne 

When a spark was passed through gaseous butadiyne, decomposition 
occurred with production of a dazzling white light. The main decom- 
position was to carbon and hydrogen, although there was a 4.5 per cent 
contraction in volume, indicating that some hydrocarbon, presumably 
methane, had been formed (243). 

10. Benzene 

A spark between platinum wires dipped in benzene gave carbon and a 
gas containing 42 to 43 per cent of acetylene and 57 to 58 per cent of hy- 
drogen (64, 80). Carbon electrodes under somewhat similar conditions 
gave a gas containing 44 per cent of hydrogen, 53 per cent of methane, 
and 3 per cent of acetylene and other unsaturated hydrocarbons. A 
liquid residue was formed which boiled above 250®C. and had an average 
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molecular wei^rht of 300 (88). Whether the difference in the electrodes is 
the sole cause of the observed differences in gas composition in the two 
experiments is not known. 


11. Toluene 

With platinum electrodes a spark discharge in toluene gave carbon and 
a gas containing 76 to 77 per cent of hydrogen (64). 

B, ARC DISCHARGE 

L Methane 

A carbon arc in a closed vessel filled with methane gave, after 1 hr. of 
arcing, 9 per cent of acetylene, 2 per cent of methane, and 89 per cent of 
hydrog(;n. A gas of the same final composition was obtained when the 
original gas was hydrogtui, clearly indicating that the carbon of the elec- 
trodes is actually part of the reaction system (37, 38). 

When methane is passed through the arc, acetylene forms in yields of 6 
to 12 per cent of the methane passed or 26 to 32 per cent of the methane 
rcjacted. The rest of the methane is convei'ted into a fine soot-like carbon 
and hy(lrog(*n. Dilution of the methane with hydrogen tends to reduce 
th(‘ formation of carbon. With a mixture of 1 volume of methane and 2 
voluiiK's of h>drogen, the arc treatment gave acetylene equivalent to 51 
per cent of the methane charged or 68 per cent of the methane reacted, 
in a single pass (91, 153). 

Instead of diluting the reacting gas with hydrogen, a similar effect can 
be obtained with a high-tension arc at reduced pressures (39, 40). At 
pressiin‘s of 100 to 200 mm. of mercury the exit gas contained 12 to 14 
per cent of acetylene with an energy consumption of 12 kw.-hr. per cubic 
mi'ter of acetylene produced. The effect of either hydrogen or reduced 
pressun* is to decrease the amount of carbon formed, so that the reaction 
is more selective. 

A study of arcs with different intensities (energy consumption) indicated 
that an arc consuming up to 150 watts promotes cracking to acetylene, 
while arcs of higher eiKTgy promote the formation of carbon and hydrogen 
(39, 193). It seisms likely that factors other than energy consumption, 
e.g., electrode material, size, cooling, etc., are also pertinent. 

Butadiene has been isolated from the gases produced by the arc in 
methane. There is also some evidence that allene, raethylacetylene, and 
butadiene are formed (248). 

It is to be noted that heating the chamber enclosing the arc promotes 
the formation of more carbon and hydrogen, probably owing to the second- 
ary reaction of acetylene For this reason it is desirable to cool the arc 
vessel when acetylene is the product sought (217). 
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Electrodes of iron and nickel have also been used in the study of methane 
in the arc discharge. At 110 volts and 4 to 5 amperes d.c. the rate of 
decomposition of the methane and the concentration of acetylene in the 
gas produced were higher with carbon electrodes than with iron or nickel 
electrodes, but the yield of acetylene on the basis of the methane reacted 
was the same in all cases At a contact time of 0.002 sec. in the carbon 
arc, 18 per cent of the methane reacted. The acetylene yield was 9 per 
cent of the original methane or 50 per cent of the methane reacted. A 
mixture of methane and hydrogen increased the acetylene yield (146). 

Ethane 

Ethane gave ethylene and acetylene in nearly equal amounts when 
treated in the electric arc (126). Low gas velocities tlirough the arc 
caused the formation of carbon and hydrogen. 

3. Ethylene 

Passing an arc between platinum electrodes in ethylene until the maxi- 
mum expansion occurred (about 10 min.), produced hydi’ogen as the only 
gaseous product. Presumably the other product was carbon (47). 

4, Acetylene 

Using carbon electrodes, an arc in acetylene gave predominantly car- 
bon and hydrogen, along with a small amount of methane and enough 
naphthalene so that it could be recognized by its odor (37, 38). 

5. Pinene 

Pinene gave ethylene, acetylene, and isoprene, in addition to unidentified 
substances (260). 


6. Liquid paraffin hydrocarbons 

When hexane vapor was studied with a 3- to 4.5-ampere, 60- to 80-volt 
arc between copper or iron electrodes a gas was produced which analyzed 
as follows: paraflSns, 4 per cent; olefins, 0.5 per cent; acetylene, 1 per cent; 
hydrogen, 94.5 per cent (116). 

When the conditions were altered so that the electrodes were still in the 
vapor space but were kept wet by the refluxing hydrocarbon, the gaa 
contained 10 to 16 per cent of olefins and 4.8 to 5.6 per cent of acetylene. 
The olefins were not identified, except that the presence of butadiene was 
proved by isolating the solid tetrabromide. In addition to hexane, the 
hydrocarbons heptane, octane, nonane, and decane were studied with 
both iron and copper electrodes. The higher boiling hydrocarbons seemed 
to favor slightly higher yields of olefins, although the trend is slight. The 
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iron electrodes gave more carbon deposits than the copper electrodes, but 
no significant effect was noted on the olefin or acetylene concentration in 
th(‘ gas. The carbonaceous deposit formed in the presence of iron con- 
tained 20.1 per cent of iron; the analogous deposit with copper electrodes 
contained 0.59 per cent of copper. The deposit on the iron electrode was 
bright and lustrous, while the copper electrode deposit was dull (116). 

When the experimental conditions were further altered so that the arc 
was immersed in the liquid, it was found that hexane, heptane, and decaiie 
gave a gas that contained 5 to 16 per cent of olefins and 13 to 15 per cent 
of acetylene. It is thus apparent that the method of conducting the arc- 
ing of th(‘ hydrocarbon greatly affects the composition of the gas pro- 
duced (116). 


7. Benzene 

Benzene has a distinct tendency to form carbon and hydrogen in the 
arc; at the same time there arc usually formed liquid products boiling 
above Ixuizene. The gas formed is 80 to 90 per cent hydrogen (202). 

To study the reaction more carefully, 17 liters of benzene were treated 
in th(‘ caibon arc and the products passed through traps at room tempera- 
ture and at — 36®C. Under these conditions there were 8 liters of product 
in the arc vesscil, 540 cc. in the trap at room temperature, and 320 cc. in 
th(j trap at — 36®C. The residue in the arc vessel was 95 per cent benzene 
and 6 per cent higher boiling material. From the higher boiling material 
phenylacetylene, diphenyl, and anthracene were isolated. Butadiyne was 
recovered from the — 36°C. trap. In a separate experiment 194 g. of 
carbon was obtained during the treatment of 780 g. of benzene (195). 

When th(i arc is immersed in liquid benzene under some conditions, the 
carbon formed builds a bridge across the arc and shortcircuits it. Metal 
electrodes were found to prevent this, because the carbon was kept in 
suspension. With metal electrodes, acetylene and ethylene were formed 
as w(‘ll as hydrogen (261). 

An arc between iron or copper electrodes that were in the vapor but were 
kept wet by refluxing benzene gave a gas that contained 0.2 to 0.3 per cent 
of olefins (116). Xo other analyses are given. 

8. Toluene 

Toluene gave a gas containing 2 to 2.5 per cent of olefins when subjected 
to an arc between iron or copper electrodes that were in the vapor but 
were kept wet by refluxing toluene (116). 

9, Naphthalene 

Only carbon and hydrogen have been reported as products from naph- 
thalene in the arc (171). 
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V. Commercial Processes 

From the literature available it is not possible to give complete details 
on the commercial processes for the electrical treatment of hydrocarbons. 
Neither is it possible to say just which of the proposed processes have 
actually been commercialized Nevertheless it is instructive to review 
briefly the processes which have been proposed, along with such pertinent 
characteristics as may be obtained from the issued patents. We fully 
realize that the information obtained from patents may not always be 
reliable. 


A. acetylene production 

The current method of producing acetylene is from calcium carbide. 
The main reaction in preparing the carbide is 

CaO + 3C CaCj + CO; AH in = 108,000 cal.; AFln = 88,400 

It is also possible to prepare acetylene from methane (or natural gas) by 
the reaction 

2 CH 4 C 2 H 2 + 3 H 2 ; AHin = 91 ,000 cal; AFin = 75,400 

Thus the theoretical energy requirement for the carbide reaction is more 
than 15 per cent greater than that of the methane reaction. Converting 
the AH requirement into electncal units, the carbide reaction requires 
5.6 kw.-hr. per cubic meter of acetylene, while the methane reaction re- 
quires 4.7 kw.-hr. per cubic meter. 

In actual practice the energy requirements are greater. It has been 
stated that 8.5 kg. of 310 liters per kilogram carbide can be produced per 
kilowatt day (259). This indicates a practical energj^ requirement of 
9.1 kw.-hr. per cubic meter. Further, to get the power requirement this 
low, very large furnaces (15,000 to 25,000 kilowatts) must be used. On 
smaller furnaces the energy requirements may be as high as 15 to 18 
kw.-hr. per cubic meter of acetylene. 

The corresponding practical energy requirements for acetylene from 
methane are not known. From the information available, however, it 
seems that the following factors would tend to favor the production of 
acetylene from methane: (/) The theoretical or limiting energy require- 
ment for the methane reaction is lower. (^) The raw material, methane, 
is cheaper in many localities than lime and coke. (S) Gaseous methane 
is readily transported in pipe lines to the centers of **cheap’' electrical 
piower. 

The factor favoring the carbide process is that the acetylene produced 
is comparatively pure, while that from methane is mixed with hydrogen 
and unconverted methane. 
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Not only has methane been used as a source of acetylene in the arc, but 
also various hydrocarbon mixtures from both petroleum and coal. In all 
cases carbon, as a mon* or less light soot, is formed as a by-product. Much 
of the study has been in the direction of minimizing this carbon formation 
and devising me(;hanical schemes for operating the process without the 
soot plugging the necessary pipes and valves. 

In the cast; of petroleum products, graphite electrodes are much better 
than copper or iron for making high yields of acetylene and reducing the 
soot formation (83). 

In the Claude process (173) the liquid hydrocarbon is atomized into the 
arc through one of the electrodes. The soot is removed by an oil scrubber 
and the acetylene separated from the hydrogen and other gases by com- 
pressing to 10 atmosph(Tos and extracting with water in which the acety- 
len(‘ is considerably more soluble than the other constituents. 

It IS stated that 1 (jubic meter of acetylene requires 2.2 kg. of raw oil, 
14 kw.-hr. for the furnace, 1.5 kw.-hr. of pumping energy, and 3.4 g. of 
ele(!trod(\s. At the same time about 1.4 cubic meters of hydrogen is 
produced (173; also 77, 82, 99, 171, 193, 216). 

In the case of a petroleum fraction boiling in the hexane range it was 
found that at the beginning of the arc treatment the gas contained 18 
per cent of acetylene. After a short time of operation the hexane became 
heavily laden with soot and the acetylene in the gas increased to 33 to 34 
per cent. Removal of the soot by filtration and again treating the hexane 
in the arc gave 18 per cent of acetylene. Thus the soot seems to be in- 
timately related to the acetylene-forming process. Lamp black or coal 
dust added to the hexane produced no effect, but soot produced in one run 
could be added to fresh hexane and the 33 to 34 per cent of acetylene real- 
ized immediately (58). 

In view of the high hydrogen yields in the arc cracking of methane or 
natural gas, this method has been proposed as a method of making hy- 
drogen. Using an arc of 400 to 500 volts and 7 to 12 amperes, the hydro- 
gen yield was 88 per cent of the theoretical in one pass through the arc 
(67, 124, 267). 

The patents pertinent to making acetylene from hydrocarbon materials 
by treatment in the electric arc deal mostly with types of apparatus and 
operative details (16, 17, 70, 71, 98, 100, 103, 119, 123, 131, 150, 186, 200, 
218, 232, 233). The main generalization is that it is desirable to dilute the 
reacting gas or vapor. Hydrogen is the diluent most frequently mentioned 
(41, 46, 72, 123, 142, 155, 170, 232), although carbon monoxide, carbon 
dioxide, and steam have been claimed. 

It has been proposed that acetylene be made from hydrogen plus carbon 
monoxide or carbon dioxide in the arc (15, 57). 
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The carbon that is regarded as a nuisance in the preparation of acetylene 
is, in many cases, so light, fluffy, and black that it has value as a black 
pigment and as the carbon black component of rubber articles. Special 
techniques have been designed for its manufacture from hydrocarbons in 
the arc (103, 130). 

When anthracene oil was subjected to impulse discharges (the spark 
discharge from an electrical condenser) a gas containing 22 to 30 per cent 
of acetylene was obtained. The energy requirement was 11 to 12 kw.-hr. 
per cubic meter and was independent of condenser capacity in the range 
5 micromicrofarads to 0.25 microfarad (154, 216). 

It is claimed (125) that hydrogen can be activated in the arc and that 
when the activated hydrogen is brought in contact with hydrocarbons, 
olefins and acetylene are formed. Or, if the hydrocarbon k ethylbenzene, 
phenylacetylene is formed (120). 

The electric spark has also been proposed as a means of converting coal 
gas into acetylene on a commercial scale (100). 

LUBRICATING OILS 

The polymerizing and dehydrogenating action of the silent discharge 
have been used advantageously to produce and improve lubricating oils 
(5, 6, 7, 9, 18, 36, 45, 49, 68, 79, 90, 94, 101, 102, 112, 118, 122, 126, 136, 
139, 145, 196, 197, 201, 203, 207a, 210, 212, 215, 230, 235, 237, 258, 264, 
265, 271, 272, 273). A commercial process is known as “Elektrioniza- 
tion^’ or **Volt61ization’’. 

The apparatus used for this treatment con.sists of a series of aluminum 
electrodes in the form of flat plates about 80 cm. square and 1 mm. thick. 
The electrodes are built up as a bank of plates of alternating polarity until 
a total area of about 190 square meters is obtained ; each plate or electrode 
is separated and insulated from its adjacent plate by glazed pasteboard 
2 mm. thick. The pasteboard extends beyond the edges of the plate 
electrodes to prevent sparking from plate to plate. 

The reaction vessel consists of a horizontal cylinder which contains four 
of the electrode banks described above, to give a total plate area of 750 
square meters (8050 sq. ft ). The electrodes are mounted so they can be 
rotated about a central shaft at 1 u.p.m. During this rotation the elec- 
trodes dip into the oil contained in the cylinder (one-quarter full of oil). 
At the same time appropriately placed buckets dip into the oil and gradu- 
ally pour the oil over the electrodes. In this way the oil on the electrodes 
is continually replaced so that overexposure to the discharge does not 
occur. 

The reaction vessel is equipped with a few coils of pipe which are used 
at the start to heat the charge up to 80®C. and during operation are used 
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as pipas to keep the temperature down to 80®C. Also attached to 

the reaction vessel is a small suction pump which maintains the pressure in 
the vessel at about 60 mm. of mercury (Absolute). 

"rh(‘ el(T‘trical energy is supplied by a special alternator producing 500- 
cycle (mrrent. This is stepped up by transformers to give the desired 
voltage Most of the published work indicates that this voltage is 4300 
to 4600 (126, 203), although a photograph of part of the equipment in one 
of the plants shows a vessel labelled 50,000 volts (49). For the type of 
equipment described above, the 50,000 volts would be much too high. 

In use the apparatus is filled one-quarter full of the oil to be treated 
(about 2000 gallons) and the air in the vessel is replaced by hydrogen at 
60 to 65 mm. of nuTcury pressure (Absolute). When the current is turned 
on, the vessel is filled with light from the discharge The action of the dis- 
charg(‘ causes dehydrog(»riation of the oil and the hydrogen must be 
pumped off. The dehydrogenated oil polymerizes to form larger mole- 
cul(‘.s. This dehydrogenation and polymerization action of the discharge 
is analogous to the reactions which have already been discussed in con- 
nection with the pure hydrocarbons. The net result of the action of the 
discliargo is to increase the viscosity of the oil. It is possible to continue 
the action of the discharge until the oil coagulates and forms a gel. 

When a pure mineral oil is treated in the discharge, the rate of reaction 
is usually too slow to be economical (203). On the other hand, the fatty 
oils (fish, animal, and vegetable) polymerize much faster. As a result, it 
is (mstomary to start with a fatty oil or a fatty oil-mineral oil blend and 
treat this. The treated product is diluted with mineral oil and re-treated 
until the final product contains about 15 per cent of the fatty oil. The 
propertu's of the oil so produced are as follows (8) : 


Specific gravity at 15°C. 
Viscosity at lOO^C. 

Flash point (open cup) 
Conradson carbon 
Pour point 
Acid number 
Saponification number 
Ash 


0 926 

2000 centipoises 
225‘‘C. 

0.4 per cent 
-6‘’C. 

1 

90 

0 


It IS indicated that this oil is to be blended with mineral oils up to 15 
per cent. The following changes take place when this is done: (/) the 
viscosity iiicrcasi's; (;^) the viscosity -temperature coefficient is decreased; 
(S) the pour point is low^ered; (4) the sludge-forming tendency of the oil is 
decreased; and (5) the tendency to form emulsions with water is increased. 

The history of this process has been a romantic and turbulent one. It 
l)egan in 1904, when de Hemptinne (112) found that hydrogen could be 
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activated in the silent electric discharges so that it would hydrogenate 
oleic acid, converting it into stearic acid. With both hydrogen and 
oleic acid in the discharge it was found that the oleic acid polymerized, 
giving viscous oils, instead of hydrogenating to stearic acid. Later it 
was found that the unsaturated glycerides could be polymerized, giving 
viscous oils suitable for lubricants. The use of the process for commercial 
purposes was begun in 1907 (139), when the Soci6t6 Anonyme Elektrion 
was formed in Ghent, Belgium. This plant was in operation in 1914 
and was commandeered by the Germans when they occupied Belgium. 
Apparently the Germans operated the Ghent plant throughout the war and 
also started a plant in Germany with the formation of the Deutsche 
Elektrion-Oel Gesellschaft. At the end of the war the Germans obtained 
the right to manufacture these products in Germany but were forced to 
abandon the name “Elektrion^^ which was the property of the Belgian 
company. The Germans coined the name “VoltoF^, renaming their com- 
pany the Deutsche Voltol Gesellschaft. 

Just what mineral oils are most desirable for electrical treatment is not 
disclosed. It has been found (225) that the oil produced by the alkylation 
of naphthalene and tetralin by ethylene in the presence of aluminum 
chloride can be electrically treated. The viscosity is increased, but from 
the data given it would seem that the viscosity -temperature coefficient 
has not been decreased. 

Other work (207) indicates that the type of original hydrocarbon has a 
profound influence on the final viscosity characteristics. Several pure 
compounds have been studied in an ozonizer for 6 hr., using 7500 volts, 
1000 cycles, and 10 to 20 milliampercs. The results are given in table 23. 

These data indicate that the straight-chain olefins give better products 
and higher yields than the cyclic and aromatic hydrocarbons. This may 
not be the whole story, for it has been claimed that non-paraffinic extracts 
produced by solvent extraction of petroleum oils give suitable *Wol- 
tols” (234). This may arise from the fact that broadening the boiling 
range of a lubricating oil is known to increase its viscosity index. Where 
the “VoltoF^ is used as a blending oil (as it usually is), it is entirely possible 
that the viscosity index of an oil could be apparently increased by a ^‘Vol- 
toF^ with a very low viscosity index and the entire effect may bt^ due to a 
broadening of the boiling range. Too little is known about the theory of 
lubricating oils and viscosity index to offer this as anything more than a 
possibility. 

The optimum conditions for the “Voltdlization’' process have been 
studied and the results on a laboratory scale published (249). A cracked 
kerosene having a kinematic viscosity of 2.88 at 20®C., and 1.68 at 50°C. 
was used. The experiments were made in an ozonizer that could be oper- 
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TABLE 23 


VtRCostiy characteristics of **Voltdlized’^ pure hydrocarbons 


BYDKOCABBON 

KtNXMATtC VI8COBITT 

VIBC08- 

TISLO 

BOXLXNO 

At 20"C. 

At 50"C. 

At 

100*0. 

ITT 

IND8X* 

POINT ABOT8 

Caprylene 

17 2 

6 3 

2 0 


per cent 

50 

*c. 

200 

(^etene 

142 0 

34 4 

8 4 

123 

60 

Original 

n-Dodecarc 

11 43 

5 00 

2 02 


23 

Original 

1,2, 4-Trimcthylcyclo- 
hexanc 

1928 

128 

12 7 

-56 

28 

200 

Dec a! in 

13071 i 

399 

20 7 

-220 

26 

200 

Cumene 


1143 1 

29 0 

-470 

17 

200 

Mcthylnaphthalene 


5000 

55 3 


15 

200 


* Wc have used a plot of the viscosity-temperature curve to estimate the viscosity 
index 


TABLE 24 

Effect of conditions of ^^Voltolization** on the viscosity of a cracked kerosene 


TIM* 


CONDITIONB 


KINBMATIC VIBCOBITT 


Frequency 

Voltage 

Current 

At 20*C 

At 60*C. 

houre 

2 

350 

hUovolle 

12 2 

mUlxamperes 

10 

6 36 

3 03 

4 

350 

12 2 

10 

14 0 

5 30 

6 

350 

12 2 

10 

64 4 

17 2 

2 

500 

7 25 

5 5 

4 02 

2 08 

4 

500 

7 25 

5 5 

5 68 

2 80 

2 

5(K) 

11 4 

10 

7 24 

3.88 

4 

500 

11 4 

10 

20 2 

7 2 

6 

500 

j 11 4 

10 

66 0 

18 0 

10 

500 

11 4 

10 

178 7 

22 0 

2 

750 

9 0 

10 

5.64 

2.82 

4 

750 

9 0 

10 

10 12 

4 13 

6 

750 

9 0 

10 

20.12 

7 04 

2 

750 

7 0 

6 

4.38 

2 26 

2 

1000 

5 0 

7 

3.82 

2 09 

4 

1000 

5 0 

7 

4 60 

2.44 

2 

1000 

7 0 

10 

4.60 

2.46 

4 

1000 

7 0 

10 

6 88 i 

3 20 

6 

1000 

7 0 ! 

10 

10.64 

4.26 

8.5 

1000 

7 0 1 

10 

35 60 

10.74 

2 

1000 

7 4 j 

15 

5.60 

2 60 

4 

1000 

7 4 

15 

9.10 

4 02 

6 

1000 

7 4 

15 

17.85 

6 32 

2 

2000 

5 0 

10 

4.12 

2.18 

4 

2000 

5.0 

10 

5 70 

2.80 

6 

2000 

5.0 

10 

9.81 

4.00 
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ated at reduced pressure (40 to 43 mm.). A slow stream of hydrogen was 
passed through the oil, causing the oil to froth and be well mixed during 
the discharge. Table 24 gives conditions studied and the viscosity of the 
products formed (249). 

From the data the following conclusions were drawn: (1) With con- 
stant electrical conditions, the viscosity increases with time, at first slowly 
and later more rapidly, especially after 6 hr. (2) When the frequency and 
time are constant, the viscosity increases with the power in the discharge. 
{8) The optimum frequency is 500 cycles per second. This may be 
limited by the apparatus and kerosene used in the study. (4) To produce 
a given change in the properties of the oil under treatment, a much larger 
change must be made in the electrical conditions. 

In conclusion it may be said that, so far as the writers know, these elec- 
trically treated oils are not being produced commercially in the United 
States. They arc being produced in Belgium and Germany. 

C. PRODUCTION OF MOTOR FUELS 

Electrical methods of producing acetylene and lubricating oils depend 
upon the application of rather specific conditions to produce the desired 
results. By the application of still other conditions it is possible to take 
advantage of the electrical discharge to produce hydrocarbons boiling in 
the gasoline range and suitable for motor fuels. 

The simplest process of this type consists in vaporizing or atomizing the 
oil to be cracked into a zone where a discharge is occurring and removing 
the reaction products after a given length of time (52, 66, 86, 95, 113, 129, 
214, 226, 231, 255). 

There are several variations on this general theme. The one most 
widely mentioned is the mixing of hydrogen, a hydrogen-containing gas, 
methane, coal gas, the gas produced in the process, or even water vapor 
with the hydrocarbons undergoing treatment. It is indicated that in this 
way the hydrogen can be transferred to quite heavy oils and tars with the 
production of gasoline (51, 95, 199, 220, 239, 256, 257). Catalysts may or 
may not be present. 

The Cherry process utilizing this principle has been the subject of rather 
intensive development in the past but has not survived in competition with 
the thermal-pressure process of cracking oil. It is indicated that the 
methane or hydrocarbon gas acts as a carrier for the hydrocarbon vapors 
and furnishes hydrogen so that carbon formation is prevented in the reac- 
tion zone. The process resembles the ‘Vapor-phase^^ process for cracking 
petroleum, using substantially atmospheric pressure. The hot oil vapors 
are passed through corona discharge chambers made of metal and arranged 
so that the inner electrode is insulated from the outer vessel. A fused- 
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quartz insulated lead-in wire connects with the inner electrode. The 
normal conversion to gasoline is 16 to 25 per cent upon passage through 
the process. If the process is run without energizing the corona tubes, it 
is found that the conversion to gasoline drops and the antiknock quality 
of the gasoline is lower. 

The gasoline produced is highly olefinic and resembles ‘Vapor-phase” 
gasoline in many of its characteristics, especially since it requires special 
methods of treating to make a marketable product. The gasoline is said 
to be high in antiknock quality. The reported range was 54 to 77 “benzol 
equivalent”. From this we estimate 68 to 80 A.S.T.M. motor method 
(50, 219). 

The next variation in the ^electrical process of making gasoline is to 
combine the use of thermal energy, catalysts, and electrical energy. The 
catalysts which have been proposed include carbon, uranium, radium, 
thorium, nickel, silver, cobalt, iron, magnesium, copper, molybdenum, 
lead, tantalum, and tungsten. The process may be varied so that the 
catalyst and the electrical energy act on the oil at different stages or they 
may be combined. One of the methods proposed for effecting this com- 
bination has been to maintain a high-frequency field in the catalyst bed 
(2, 76, 152, 238). 

The higli-frcciuency field has also been proposed without the use of any 
intentional catalyst (114). 

It is indicated that natural gas, methane, or other hydrocarbon gases 
can be converted into gasoline by the simultaneous action of a high-fre- 
quency current and a catalyst consisting of coke impregnated with cu- 
prous chloride (190). 

Petroleum cracking is also accomplished by passing hydrocarbon gases 
through an arc, so that highly active particles are formed and pass directly 
from the arc into oil vapors preheated to 425°C. (244). 

D. MISCELLANEOUS PROCESSES 

It has been proposed to crack petroleum gases or coal gas in high-tension 
silent discharges to lower the molecular weight, decrease the condensing 
point, and increase the volume (61). Conversely, it has also been proposed 
that motor fuels and lubricants be made from methane in the silent dis- 
charges (74, 75, 211). 

Silent discharges in hydrocarbon gases in the presence of metallic lead 
have been used to produce lead compounds for raising the antiknock qual- 
ity of gasoline (246). The same use has been made of arc discharges (245). 

It has also been conceived that a petroleum reaction chamber might be 
made like a giant radio tube having a heated filament to supply electrons 
by thermionic emission and a charged plate to accelerate the electrons 
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across the reaction zone. The accelerated electrons would cause chemical 
reaction (183). 

The glow discharge in benzene is a potential method for making diphenyl 
(143). 

The manufacture of “higher^^ olefins and acetylenes by treating ethylene 
in the arc (84), butadiene from fuel oil in the arc (59), and olefins and 
diolefins by passing hydrocarbon gases through granular materials heated 
by an arc (125) has been patented. 

VI. General Discussion 

It is readily apparent from the preceding pages that electricity is a 
powerful tool for causing hydrocarbons to react. So powerful is this tool 
that the full technique for controlling it completely to cause only desired 
reactions is not yet known. Yet enough is known to show that many use- 
ful reactions can be effected in this manner and, as this control technique is 
learned, more of these reactions will be used on a commercial scale. 

As the main reactions of the discharges are ( 1 ) dehydrogenation-hy- 
drogenation and ( 2 ) polymerization (condensation)~depolymerizatioii, 
probably the earliest advances in controlling the reaction will be to separ- 
ate these reactions so that any one can be used to the exclusion of the other. 
As this is done the reactions may be used to make rubber, synthetic resins 
and plastics, dr3dng oils, antiknock motor fuel, and tough lubricants. 
Most of the principles are known and most of the reactions are known; 
the optimum conditions remain to be found. There is every reason to 
believe that in most cases the power consumption will be within economic 
reason when these optimum conditions are found. 
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I. INTRODUCTION 

The purpose of this review is to acquaint chemists with the great 
advances made recently in that branch of biological chemistry which is 
concerned with the chemical mechanism of cellular respiration and the 
nature of energetic coupling. 

Biologists have for a long time been aware that, in addition to simple 
physicochemical processes (filtration, diffusion, osmosis, ionic reactions, 
hydrolysis), living organisms depend on other processes of a more compli- 
cated nature. These, the vital processes, include motion, transmission 
of nerve impulses, secretion, growth, etc., which take place only if fur- 
nished with energy developed from the oxidation of foodstuffs (metabolites) 
either by oxygen (respiration) or by double bonds occurring in organic 
substances (dismutations and fermentations). 

When a kidney is perfused with oxygenated blood according to the 
method of Starling (261), normal urine is produced as the result of a simple 
ultrafiltration of blood plasma and a selective reabsorption of the main 
part of the water and all the glucose from the ultrafiltrate. If, however, 
the respiration of the kidney tissue is stopped by the addition of cyanide, 
the volume of the urine increases enormously and sugar is excreted, since 
urine excretion under such conditions is merely the result of a simple 
ultrafiltration process (16). 

The secretion by glands and the transmission of impulses in the nervous 
system are also processes which depend on cellular respiration. 

The contraction of muscles is dependent on energy which, however, 
does not require respiration, since a frog muscle in an oxygen-free at- 
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mosphere is able to carry out several hundred single contractions or a 
tetanus of long duration. As shown by Meyerhof (198), the energy supply 
in such cases is derived from an internal oxidation of sugar: this process 
leads to the formation of lactic acid and is called glycolysis or animal 
fermentation. 

Lundsgaard (185), in connection with his discovery of the complete 
inhibition of lactic acid formation by iodoacetic acid, observed that even 
when glycolysis is stopped a muscle is able to contract to a limited extent. 
After forty to fifty single contractions a muscle poisoned with iodoacetic 
acid is exhausted, the contractions decrease rapidly, and simultaneously 
the relaxation becomes more and more incomplete, i.e., the muscle is 
completely exhausted in a state of rigor. Lundsgaard further demon- 
strated that in muscles which contract without respiration or fermentation 
the liberation of inorganic phosphate from certain phosphate esters 
(creatine phosphate, adenosine polyphosphate) takes place to a much 
greater extent than in normal muscles. Apparently respiration and 
fermentation restore these phosphate esters, whereas muscles poisoned 
with iodoacetic acid and without oxygen supply very soon consume the 
limited stores of creatine phosphate and adenylic polyphosphates which 
appear to be the most direct energy source for the contraction mechanism. 
Thus Lundsgaard observed that, simultaneously with the appearance of 
rigor and complete exhaustion, the supply of creatine phosphate was used 
up and that of adenylic polyphosphate greatly diminished. These funda- 
mental experiments therefore indicate that the “level^^ of creatine phos- 
phate + adenosine polyphosphate Ls mamtained by oxidoreductions 
(respiration or fermentation), whereas the contractile system is “charged’’ 
by energy supplied by the liberation of inorganic phosphate from creatine 
phosphate and adenosine polyphosphates. Since muscles, contracting at 
the expense of creatine phosphate and adenosine phosphates alone, are 
exhausted in a state of rigor, the energy furnished by these two dephos- 
phorylations most likely is used not for the contraction but for the relaxa- 
tion of the contracted muscle, and the relaxation therefore is probably 
the charged state of the contractile system (see section X). 

The restoration of creatine phosphate and adenosine polyphosphates 
by oxidoreductions will be discussed in detail in this review, since the 
mechanism of this coupling is understood to a considerable extent. This 
understanding is mainly due to the magnificent work of Warburg and 
coworkers (292, 299, 220) who, by revealing the nature of oxidoreduction 
enzymes, have made it possible to understand chemically how the energy 
of respiration and fermentations can be utilized for biological syntheses. 
The phosphorylations of creatine, adenylic acid, or glucose offer a good 
illustration of biological syntheses which are coupled to oxidation. 
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The term ‘^synthesis’^ as applied in organic chemistry merely means the 
conversion of one substance into another more complex substance, regard- 
less of thermodynamic concept. In biology the term “synthesis or assimi- 
lation’\ however, has for quite a long time been applied to reactions wiiich 
lead to an iiuTeased free energy (positive AF) of some of the members of a 
given system. 

Since an increase of free energy^ as an end result is thermodynamically 
impossible, biological syntheses must be characterized by a coupling be- 
tween two reactions, the one representing an increase in free energy 
(+AFi), the other a fall (— A/^ 2 ), where AF^ has to be equal to or larger 
than AFi. Such a definition of biological syntheses includes, in addition 
to highly complex reactions, certain relatively simple processes, such as 
the dismutation of sugars into polyalcohols and sugar acids or alcoholic 
fermentation. Most biologists would hesitate to call alcoholic fermenta- 
tion a synthesis, because of the liberation of energy ( — AFs much greater 
than +AFi) and the formation of substances of lower molecular weights 
than the original. 

Nevertheless it is important to realize that if the conversion of sugars 
into fatty acids is called a synthesis (assimilation), and it is generally so 
termed among biologists, several dismutations and fermentations also 
belong to the group of syntheses, owing to the similarity of these last 
processes to the conversion of sugar into fatty acids (see section III). 

Since the formation of polysaccharides from monosaccharides requires 
a supply of energy, ordinarily derived from biological oxidations, this 
process is generally considered as a typical synthesis. Frequently, how- 
ever, emphasis has been placed on the phenomena of polymerization. In 
tliis connection it is important to appreciate that the enzymatic dimeriza- 
tion of triose phosphate into hexose diphosphate (202, 203) and the 
polymerization of glucose-l-phosphate into polyhexoses (45, 130) have 
been shown to proceed directly, resulting in a small decrease in free 
energy. Calling such polymerizations syntheses would imply that the 
concept of biological syntheses involves no consideration of thermo- 
dynamics whatsoever.* 

Some biologists, regarding the increase of free energy as being an essen- 
tial factor in syntheses, furthermore require a coupling between qualita- 
tively different systems like the just-mentioned uptake of inorganic 
phosphate into organic ester linkages. Here we have a coupling between 
two qualitatively different kinds of processes, — oxidation-reduction and 
phosphorylation. 

* Concentration differences have also to be included in thermodynamic effects. 

* The dimerization of free radicals liberates a large amount of free energy (— AF 
is large). 
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Since the concept of synthesis seems to be of a very subjective 
nature, I think that it should be abandoned in purely thermodynamic 
considerations. 

Thermodynamically a process can be described as ha^dng a negative or a 
positive change in free energy (-AF and -f AF). If AF is negative, the 
reaction can occur and is able to produce work; if AF is positive, work 
must be expended to cause the reaction to occur. The first kind of re- 
action has been termed “exothermic’", the last kind “endothermic"". 
Recently Coryell (55) has recommended that terms like “exothermic"" 
and “endothermic"" be applied only to characterize negative and positive 
changes in heat (zbAiJ), and that the new terms “exergonic"" and “ender- 
gonic"" be applied to characterize changes in free energy (AF). “Ergonic"" 
is derived from the Greek ergon, meaning work. Coryell"s terminology 
will be used in the present review. 



- 


AH 

Exothermic 

Endothermic 

AF 

Exergonic 

Endergonic 


In biology the concepts of assimilation (or synthesis) and dissimilation 
still keep their importance. A distinction between fermentations acting 
as purely dissimilatory systems and those acting as assimilatory as well 
as dissimilatory systems is very useful. The conversions of sugar into 
lactic acid and of glycerol into propionic acid (227) offer examples of 
purely dissimilatory fermentations, i.e., fermentations where the end 
product has lower energy content than the starting substance. The con- 
version of sugars into carbon dioxide and ethyl alcohol or into carbon 
dioxide, acetic acid, and propionic acid or butyric acid offer good illustra- 
tions of fermentations which act as assimilatory as well as dissimilatory 
systems. One part of the sugar molecule is sacrificed as carbon dioxide 
in a reaction which is “coupled"" with the endergonic (+AF) conversion 
of the other part into ethyl alcohol or fatty acids. The main part of this 
review will deal with the chemical nature of the coupling between exergonic 
(—AF) and endergonic (+AF) processes, starting with couplings between 
oxidoreductions and reactions of different kinds, particularly phosphate 
esterifications. 

In an interesting review by A. J. Kluyver in 1931 (133), describing the 
state of understanding of biological assimilations and dissimilations at 
that time, he expresses the value of a coordination of experimental facts, 
as follows: “Personally I have ro hesitation in asserting that even for an ex- 
perimental science such as biochemistry the day will come when it will be 
wise to pause for a short time and say ^Enough matter, more art". And 
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when we consider for a moment the mass of facts that has already been 
gathered in the biochemical field, it seems to me that this day of retrospec- 
tion and synthesis should not be far off^\ 

During the last five years a large amount of information has been 
collected regarding the details of biological couplings which justifies a 
survey of the principles which underlie biological syntheses. 

II. THE PRINCIPLES OP OXIDATION-REDUCTION 
A. The characteristics of oxidoreduciions 

It seems advisable, before continuing the consideration of fermentations 
and assimilations, to give a very condensed summary of some character- 
istics of oxidation-reduction which are important in connection with the 
problems to be discussed. This section will deal only with the elementary 
oxidoreduction process; the specific enzymes which catalyze oxidoreduction 
systems will be described in a later section. 

W. M. Clark (37) was the first to realize that electron transfer was the 
common feature of all biological oxidoreductions. When presenting a 
condensed summary of this subject, a quotation from a review by Michaelis 
and Schubert (210) is very useful: 

If a substance, A, can undergo a reversible reduction by accepting an electron 
(i) the process may be represented thus: 

A + € A- 

If the product, A“, happens to be the ion of a weak acid it will tend to combine with 
a proton furnished either by the oxonium ion OH^, if the solvent contains water, or 
by any other acid in Bronsted’s generalized terminology: 

A~-fH+;=±AH (2) 

If these two processes occur simultaneously the net effect can be represented by the 
combined reaction: 

A-ff + H-^^AH (3) 

or 

A + H AH (3a) 

Only in such a case is the term ' ‘reduction** entirely equivalent to hydrogenation. 

Exactly the same argument applies to the bivalent oxidation-reduction process 
of a substance B when the two steps occur simultaneously. The corresponding 
reactions are: 


B -f 2€-b2H+^±BH, 
B + 2H ^ BH, 


(4) 

(4a) 

(4b) 
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The electronic structures corresponding to equation 4 are: 

R:C.:0: ^ 2 ^ rR:C:0:T“ 

n L H ” J 

The product formed would be the divalent ion of an unmeasurably weak acid and 
would immediately attach protons to form the alcohol : 

H 

R.C:0:H 
H “ 

But this addition of protons has nothing to do with the reduc^^ion process, which is 
entirely contained in equation 6. 

A similar case is afforded by the reduction of ethylene to ethane, in which the 
reduction and proton-attaching processes are; 

H H r H H 1— H H 

H:C::C:H -h 2e -► I H:C:C:hJ -h 2H-^ H;C:C;H (7) 

HH 

The pairs of molecules AH and A~ or BHi and B of equations 2 and 4 may be 
said to be two states of ionization of the same acid, of which the ionized form in some 
cases may be practically incapable of existence. 

Semiquinones 

In a certain number of instances it has been demonstrated that the 
bivalent redox process illustrated in equation 2 actually occurs in two 
successive univalent steps involving a half-reduced (or half-oxidized) 
intermediate. 

B + 6 B' 

B" + B'*” 

This intermediate, which contains an unpaired electron and therefore 
has the character of an organic free radical, is called a semiquinone (208). 
The investigations of Shaffer in 1933 (257) showed the importance of one- 
step oxidation for inorganic redox systems, and a few years later Michaelis 
and collaborators (208) showed the occurrence of one-step oxidation in a 
number of important organic redox systems. Michaelis and collaborators 
were able to demonstrate the occurrence of semiquinones electrometrically 
and by the magnetic susceptibility due to the unneutralized spin of the odd 
electron (210, page 441): 

It is an essential property of these intermediate oxidation levels that they are 
always in a mobile equilibrium with the compounds on the next higher and the 
next lower step of oxidation, whereas ordinary valence-saturated organic compounds 
are usually inert with respect to establishing equilibria with other valence-saturated 
compounds. Acetaldehyde does not dismute to ethyl alcohol and acetic acid, . . , 
although it would be possible, speaking purely thermodynamically. In contrast, 
the establishment of the equilibrium of a radical of the type mentioned with an 
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electron donor or acceptor is just as unhampered as that of an acid or base with a 
proton donor or acceptor. 

In a later section in this review the one-step oxidation will be discussed 
again. 

B, Redox 'potentials a'nd chemical structure 

As a consequence of the formulation of equations 1 or 6 and 7 it follows 
that in oxidizing a substance AH 2 a removal of protons (proton dissociation) 
would have to precede the removal of electrons: 

H 

R:C:0:H - 2H+^ I’RrCrO:!""' ~ 2€ R:C::6: 

H L H “ J H 

The ionization of the electron donor may be a factor of importance for 
the emission of electrons and may account for the fact that potentials of 
biological oxidoreduction systems as a rule drop rapidly (i.e., increasing 
ability to emit e) in going from systems where the electron donor is an 
immeasurably weak acid to systems where the electron donor has a measur- 
able dissociation. 

In table 1 the redox potentials of some typical metabolites are presented, 
using the system of W. M. Clark. 

Positive redox potentials mean oxidizing systems; negative ones mean 
reducing systems A positive AF means that a spontaneous reaction is 
impossible; AF negative means that a spontaneous reaction is possible. 

AF represents the free-energy change (in calories) under standard condi- 
tions, i.e., 1 molar (unit activity) water solution, pH 0, temperature 
25®C. {T = 298®). AF = ruf-Ey where E designates the normal potential 
(red. /ox. = 1) under standard conditions, n is the number of electrons 
involved in the redox process, and is the Faraday constant. Eq repre- 
sents the normal potential under conditions other than standard, i.e., 
when the activity of the reactants is not unity and the pH is different 
from 0. 

Many of the redox potentials have been obtained only from thermal 
data. Owing to the fundamental work of Parks and Huffman (237) and 
of Huffman and Borsook (116) and to later work (c/. 24), very exact data 
for the free energy of formation of a number of important biological sub- 
stances have been obtained.^ Tliis has made it possible to obtain redox 
potentials independently of direct potentiometric measurements. 

* Franke in 1Q33 pointed out in an interesting review (86) the essential importance 
of thermal data for the understanding of metabolic processes. Franke^s calculations 
were, however, very rough and therefore not able to demonstrate the exact agree- 
ment between thermal data and potentiometric measurements. 
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There is excellent agreement between the accurate potentiometric 
measurements of Lehmann (161) and of Borsook and Schott (27) and the 
redox potentials calculated from thermal data (Parks and Huffman). 
Very good agreement also has been obtained for other redox systems. 
Owing to the new methods of specific heat determination developed by 
Rossini, Huffman, Paiks, and others, very exact values for entropies will 
be possible and therefore also more accurate values for free energies and 
free-energy changes. Furthermore, W. M. Clark (35) and, more recently, 
Borsook (26) have calculated redox potentials from equilibrium constants 
and have thus obtained relatively accurate data for some systems where 
thermal data have not yet been obtained. 

It is well known that the redox potential varies with pH according to 
the equation: 

E'o = £-N~XpTi 

nJ 


if n/N - 2, 
If n/N = 1, 


Eo-- E - 0.03 X pH 


Eo^ E - 0.06 X pH 


n designates the number of electrons and N the number of protons involved 
in the redox process. In the oxidation of carbonyl to carboxyl, n/N — 2/3. 

Most biological hydrogen donors are oxidized in two steps according 
to the reaction: 

AH, = A + 2H'‘ + 2e 


and the pH curve (at 30°C.) therefore follows the 0.06 slope. If in a two- 
step oxidation (removal of 2e) only one proton is removed from the group 
which is involved in the oxidation, the pH curve will follow the 0.03 slope. 
The cozymase (pyridine nucleotide) represents a system which has a 0.03 
slope of the redox pH curve. The 0.03 pH curve shows that only one 
proton is removed when two electrons are removed, in agreement with 
the nature of the group which is oxidized or reduced (see section IV). 

According to the equation 

Eo-= E - 0.0615 X pH 

the normal potential of a redox system in which 2c and 2H+ are involved 
increases 430 millivolts ( = 19 096 calories) when the pH is changed from 
7 to 0. A corresponding change in pH will, however, increase the redox 
potential of the pyridine system only 215 millivolts (c/. Borsook (25, 26)). 
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Redoz polenhals of some typical metabolites 
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I + (NH*)"" + 211'^ + 2i the transamination equilibrium (see Bor- 

Passing the — C — step sook (26)) 




^ The metftbolitefl are not ionised at standard conditions, 
t AF t is the change in free energy between pure solids or liquids. 
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It i.s obvious, therefore, that the relationship between the redox potentials 
of various systems depends upon the pH at which thej^ are compared. 
Since n/N varies from 0.67 to 2, the comparison between redox potentials 
of biologically important substances must be made at a pH near that of 
the tissue, for instance, at pH 7. 

Table 1 shows that the system 

hydrocarbon olefin 

is the most positive system of all metabolites. The system 

amino acid -f H 2 C) keto acid + NH^ + 2H'‘' + 2e 

forming the irnino a(‘id as the primary product, is considerably more 
positive than the systcuri 

hydroxy acid keto acid 

This fact might explain the observation of Krebs and Cohen (150) that 
th(* dismutation of «-k('toglutaric acid is increased markedly in the pres- 
ence of ammonia 

The potential of the sugar-sugar acid system is not known exactly. It 
sc*ems, however, quite certain that phosphorylation of aldehyde and 
carboxyl groups raises the potential considerably (sec section V). 
Borsouk’s calculations (26) of the free-energy change in the system 

pyruvate’” + H 2 O acetate'^ + CO 2 

shows a very strong negativity of this system, approximately 200 milli- 
volts more negative than the hydrogen electrode. The enzymatic system 
has never been measured potentiometrically. The recent discovery of 
Lipmann (174) that phosphate is involved in the enzymatic oxidation of 
pyruvK’ acid will be discussed later; in the same place it will also be un- 
derstood why the enzymatic redox system must have a normal potential 
considerably more positive than that calculated from thermal data. This 
fac’t do('s not diminish the great biological importance of the redox potential 
cahnilated from thermal data, since the end result of the enzymatic oxida- 
tion of pyruvic acid is acetic acid and carbon dioxide and the phosphate 
does not enter the final balance. It is also interesting that the system 

rt-ketoglutaric acid succinic acid + CO* + 2H’^ + 2€ 

which is so closely related to the pyruvic acid-acetic acid system, also has 
a redox |X)tential more than 100 millivolts more negative than the hydrogen 
electrode (26), The system 

formic acid CO* + H* 

is very near the level of the hydrogen electrode (309). 
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If hydrogen gas (H 2 ) is formed, the hydrogen pressure rather than the 
hydrogen-ion concentration determines the redox potential. Woods^ 
equilibrium determinations (309) were carried out at an alkaline reaction 
(pH about 8) but at a hydrogen pressure very near 1 atmosphere, i.e., 
under conditions corresponding to pH 0 for redox systems which do not 
form hydrogen gas. 

Ijooking at table 1, we find as a general feature that the higher the proton 
dissociation (acidic properties) the better the electron donor, i.e., reducing 
agent. The degree of proton dissociation of the group to be oxidized is not, 
however, the general factor which determines the potential of redox 
systems. 

The high potentials of systems like dienols diketones, diphcnols 
quinones, nitrite nitrate, sulfite sulfate contradict the proton hy- 
pothesis just mentioned. One factor, however, seems to be able to account 
for all the facts concerning oxidoreduction potentials, — yfz., the so-called 
resonance energy. It would be out of place here to attempt even an out- 
line of this interesting development in modern physical chemistry. This 
field has been described in the fundamental monograph of G. N. Lewis 
(166) and in the comprehensive monograph of L. Pauling (240). A study 
of these two monographs, supplemented by discussions with Dr. Coryell, 
has led the author of this review to believe that the modern concepts of 
structural chemistry will actually be able to account for the thermodynamic 
properties of biologiiial redox systems in general and phosphoric esters in 
particular. 

In trying to illustrate the great importance of resonance for biological 
oxidoreduction, let us examine, for instance, a carboxyl group, written in 
the electronic terminology introduced by G. N. Lewis in 1916 (c/. 166). 
A carboxyl group, which is ionized, can be illustrated by two equivalent 
stnictures: 


R-C; OR R:C’ 

The calculation of the stability of the carboxyl group from the sums 
of double-bond and single-bond energies gives a much lower value than 
that found experimentally. This extra stability is called resonance energy 
(240). Owing to the resonance energy, such structures as the carboxylate 
ion (with resonating structures) are characterized by a high degree of 
stability; this means that a large amount of energy is necessary to trans- 
form such structures into other groups not belonging to the resonating 
type, as is the case, for instance, with aldehydes. The fact that carboxyl 
groups have a very small tendency to accept electrons, i.e., are poor oxidiz- 
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ing agents, may be attributed to the high resonance energy they have in 
relation to the hydrogenated product, aldehydes. Since carbon dioxide 
has more resonance than the carboxylate ion, this last group of compounds 
in the table are very good electron donors. The ethylene group, having 
no resonating structure, is known to have a large tendency to accept 
electrons. Quinones have less resonance than hydroquinones, a fact which 
agrees with the strong oxidizing action of the diketo groups. Nitrates 
and sulfates, having high resonance energies, can be reduced to nitrites 
and sulfites, which also possess a high degree of resonance; the small change 
in stability means that nitrates and sulfates are good electron-acceptor 
systcmis. The much larger stability of water than that of oxygen, due to 
thc‘ ionic character of 0—H bonds in water, lends the latter substance a 
large affinity for electrons. 

In the section dealing with the coupling between oxidoreduction and 
phosphorylations T shall return to the field of structural chemistry which 
is of diriHit significance for this problem. 

Regarding the concepts of oxidoreduction potentials and free-energy 
changes, it is always important to bear in mind that what determines 
whether an oxidation or a reduction of a substance is endergonic {+AF) 
or exergonic (—AF) is the change in the stability of the molecular group 
involved in such reactions. Going from more stable to less stable struc- 
tures means an increase in free energy (+AF) and vice versa. In order to 
know the stability of structures, the conditions under which the change 
is assumed to occur have to be stated, whether at unit activity and pH 0, 
usually called standard conditions, (P, E), or at pH 7, etc. I emphasize 
this, because in a recent review Kollath and Stadler (142) define a reduc- 
tion as ^TCnergiebindung’' and an oxidation as ‘^Energieabgabe.^'® Such 
a definition is not only misleading but wrong. Quite apart from the fact 
that the authors in their definition do not include the concentration of 
the substances involved in oxidoreductions, particularly the hydrogen 
ions, one of the consequences of their statement is that the reduction of 
oxygen, known to be an extremely exergonic reaction (high negative AF), 
is an “Energiebindung.^' The transfer of electrons from one iron porphyrin 
system to another having a more ‘^positive*' redox potential (i.e., a stronger 
oxidizing system) is known to be a spontaneous reaction, which therefore 
rej)resents an exergonic process. Since the Eq values (pH 7) of iron por- 
f>hyrins are positive (i.e., the removal of electrons from such compounds 
represents an endergonic process), the release of energy in transferring elec- 
trons from one “positive’^ S3''stem to another more “positive” must be due 

* *‘Unter Ueduktion versteht man chemieche Vorginge in der Materie, die mil 
Kncrgiebinditnjf, unter Oxydation solche, die mit Energieab^a&e einhergehen.” 
( 142 ) 
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to the reduction of the most '^positive” system. These examples are suf- 
ficient to illustrate that the definition proposed by Kollath and Stadler 
does not make any sense whatsoever. 


C. Hydrogen donors and acceptors 

Since protons as well as electrons are involved in most biological oxido- 
reductions, it has been customary to identify oxidation with dehydrogena- 
tion and reduction with hydrogenation. On several occasions it is there- 
fore convenient to use the Wieland-Thunberg terminology: * 'hydrogen 
donors’^ for the substances which emit protons and electrons, and "hydro- 
gen acceptors” for substances which take up protons and electrons. 
Wieland (302) was the first to advance the idea that carbonyl groups in 
order to be oxidized have to form hydrates: 

\>=0 + HOH = HO— d^-OH 


This idea was partly based on model experiments which showed that a 
number of aldehydes in order to be oxidized require water. Aldehydes 
which form stable hydrates (e.g., mesoxalic acid) are oxidized in media 
free from water. 

Hydrogen (or electron) acceptors have structures which possess double 
bonds. In several cases such double bonds are the result of anhydride 
formation as, for instance, in unsaturated fatty acids ( — C==C — ) which 
are the anhydrides of hydroxy acids, or in substances which can be con- 


sidered as anhydrides; for instance, the ketones of keto acids 



are 


the anhydrides of carbonyl hydrates. 

As a rule, the hydrogen acceptor of an oxidoreduction system has to 
belong to the same or a more positive redox system than the hydrogen 
donor. Hydrogen-transfer systems which transfer hydrogen from the 
hydrogen donor to the acceptor usually have normal potentials between 
those of the hydrogen donor and of the hydrogen acceptor. Exceptions, 
however, are known. The normal potential of the transfer system 
triphosphopjoidine nucleotide is considerably lower than that of the 
system 


glutamic acid 


a-ketoglutaric acid 


nevertheless, this transfer system can accept the hydrogen of glutamic acid 
and transfer it to a more positive system. The reason for this surprising 
fact is that in the presence of oxygen practically all of the pyridine nucleo- 
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tide is kept in the oxidized form; in the absence of oxygen the dehydro- 
genation of glutamic acid by pyridine stops immediately. 

This example illustrates that it is essential that the potential of the final 
hydrogen-acceptor system be higher than that of the hydrogen-donor 
system, or the oxidation of the hydrogen donor will stop very soon. 

I). Internal and external oxi dor eductions 

The distinction between internal and external oxidoreductions depends 
on the manner in which the hydrogen acceptor is supplied, that is, whether 
it is formed from the hydrogen donor or whether it is supplied from an 
external source. 

Internal oxidoreductions form the hydrogen acceptor from the hydrogen 
donor. Two main types exist: (1) Dismutations, where the hydrogen 
aiiceptor is formed by removal of water from the hydrogen donor or by 
the formation of a ketone from an aldehyde. The double bond thus 
created is the hydrogen acceptor proper. (£) Fermentations, where the 
hydrogen acceptor is formed by the removal of water from the first or 
vSe(!ond oxidation level of the hydrogen donor. The double bond thus 
created is the hydrogen acceptor proper. 

External oxidoreductions do not use hydrogen acceptors formed from 
the hydrogen donor but take up hydrogen acceptors from the environ- 
ment. If oxygen (O 2 ) is used, the process is called respiration. If nitrate 
(HNOa) or nitrite (HNO 2 ) is used, the process is called denitrification. 
Analogous to tliis reduction is the reduction of sulfates and the reduction 
of carbonates (chemosyn thesis). The uptake of nitrogen is, however, a 
different process because of the high stability of the N=N bond (166) 
(see section VII). 

This review will deal mainly with the internal oxidoreductions, because 
of the (;lose relation of these processes to biological synthesis. The only 
group of external oxidoreductions which will be examined here is respira- 
tion, since it is so closely connected with fermentations and synthesis. 

E, Dismutations 

A dismutation is an oxidoreduction involving a molecular group and the 
anhydride of this group, the first acting as an electron and proton donor, 
the lattei* as an electron and proton acceptor.® The classical example is 
the dismutation of the malic acid-fumaric acid system into 50 per cent 
succinic acid and 50 per cent oxaloacetic acid. In the presence of an 
enzyme, fumarase, which occurs in all biological systems, malic acid is 
partly transformed into its anhydride, fumaric acid, and vice versa. 

® 'file conversion of mcthylglyoxal into lactic acid ( 226 ) represents an oxidation- 
reduction in the same molecule, the hydrated aldehyde group is the electron donor 
and the koto group is the electron acceptor. 
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In potentiometric experiments with the succinic acid-fumaric acid 
system in the presence of the specific enzyme (but in the absence of 
fumarase), Lehmann (161) established that fumaric acid is reduced to 
succinic acid. The fine experiments of Lehmann furthermore illustrate 
the complete reversibility of the system 

succinic acid fumaric acid + 2H'^ + 2€ 


Moreover, experiments by F. G. Fischer (82) show the presence of an 
enzyme different from Lehmann^s, capable of reducing fumaric acid to 
succinic acid, using a reduced dye (leuco-janus red) as hydrogen donor. 
The enzyme described by Fischer was called fumarate hydrase. 

That malic acid, the hydrate of fumaric acid, is oxidized to oxaloacetic 
acid appears from experiments by Green (96) who, by preparing muscle 
extracts poor in fumarase, showed that the oxygen consumption starts 
immediately when malic acid is added, but only after an induction period 
when fumaric acid is added. This induction period is due to the slow 
conversion of fumaric acid into malic acid in such extracts. 

The dismutation of malic (fumaiic) acid can be illustrated by the 
following scheme: 


HOOCCH=CHCOOH > HOOCCH 2 CH 2 COOH 

t 


Fumaric acid 

I =bH,0 


Succinic acid 


H - 

I 

HOOCCH 2 CCOOH 

i 

OH 

Malic acid 


HOOCCH 2 COCOOH 


Oxaloacetic acid 


The dismutation of triose into glycerol and glyceric acid is a somewhat 
more complicated kind of dismutation, which requires phosphate (see 
page 88). 

In the dismutation of triose into glycerol and glyceric acid, the ketotriose 
(dihydroxyacetone phosphate) acts as hydrogen acceptor, and the phos- 
phorylated aldotriose (phosphate replacing water) as hydrogen donor. 
This has been established by important experiments of H. O. L. Fischer 
and Baer (84), of Kiessling and Schuster (131), and of Negelein and 
Bromel (220). 

The dismutation of the fumaric acid- malic acid system is a confirmation 
of Wieland^s assumption that hydrate formation creates hydrogen donors. 
The dismutation of triose phosphate and of pyruvic acid, however, shows, 
as pointed out by Lipmann (175), that phosphate in some cases replaces 
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1,3-Diphosphoglyceric acid 


water. Perhaps the significance of phosphate for biological dehydrogena- 
tions is greater than that of hydrate formation (c/. section V). 


III. FERMENTATIONS 

A. The characteristics of fermentatioris 

The principles of fermentation are best illustrated in the simple case 
of lactic acid fermentation (* ‘glycolysis’')- The sugar is oxidized one 
levef by an a-keto acid (pyruvic acid) which is thereby reduced to the 
hydroxy acid; the first oxidation product of the sugar (a sugar acid) is 
transformed into a keto acid by formation of the anhydride {cf. malic 
acid fumaric acid). The hydrogen acceptor thus regenerated is able 
to oxidize a new molecule of the “active” sugar. Whereas a dismutation 
is oxidation of a compound by its anhydride (or keto-form), a fermenta- 
tion in general can be characterized as an oxidation of a substance by the 

’ The expression *‘one-level” oxidation will be used to designate the oxidation of 
one valence-saturated state to the next, i.e., in most cases the removal of two 
electrons. 
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anhydride (or keto-form) of its own oxidation product, oxidized one or 
two levels higher. 

Glycolysis takes place on a large scale in animal tissue unable to use 
oxygen because of lack of oxygen or of oxygen-^ ^activating^' enzymes. In 
addition, the so-called lactic acid bacteria and some colorless algae {Proio^ 
theca) show this sort of fermentation in the absence of oxygen. 

Disregarding the essential r61e of phosphate in oxidations at this point, 
the main features of the oxidoreduction of glycolysis can be illustrated as 
follows: 

Oxidoreduction 

OH 

CHaOHCHOHC^OH + CHsCOCOOH ;;:± 

Glyceraldehyde hydrate Pyruvic acid 

(H donor) (H acceptor) 

CH 2 OHCHOHCOOH + CHsCHOHCOOH 

Glyceric acid Lactic acid 

(oxidation product; (end product) 

sugar acid) 

Regeneration of the hydrogen acceptor 

CH2OHCIIOHCOOII - H2O ^ CH2=C(0H)C00H CH3COCOOH 

Glyceric acid Water Fynivic acid Pyruvic acid 

(cnol) (keto) 

It is worth while to emphasize two characteristic features of glycolysis: 
(I) Sugar is convert^ed quantitatively into one single substance, lactic 
acid, which has a lower energy content than the original. (S) No carbon 
dioxide is formed. 

All the other sugar fermentations can be described as very simple varia- 
tions of glycolysis, the variations occurring in most cases after the forma- 
tion of pyruvic acid. 

The pyruvic acid may undergo cleavage as follows: (a) Decarboxylation 
to acetaldehyde and carbon dioxide (alcoholic fermentation) ; (h) hydrolysis 
to formic and acetic acids {coli fermentation). 

The pyruvic acid may be oxidized to acetic acid and carbon dioxide 
(fermentation of fatty acids). 

The pyruvic acid may undergo condensations as follows : (a) with carbon 
dioxide to oxaloacetic acid (?) (cf. Wood and Werkmaim (306) and Elsden 
(64)); (6) with amino acids as an acetylation (du Vigneaud (284)). 

Other variations are due to secondary reactions of acetaldehyde, e.g., 
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carl>inol formation (aerogenrs fermentation), or to secondary reactions of 
acetic acid, e.g , condensation to acetoacetic. acid {Clostridium hutyricum). 
Thest'. secondary products, replacing pyruvic acid as hydrogen acceptor, 
giv(^ rise to new end products. 

The characteristics of alcoholic fermentation may be illustrated in the 
following way: 


OH 

GH2OHCHOHC— OH 


"H 


-2H 


CH2OHCHOHCOOH 

-H2O 

CH^=COHCOOH 


CH3CH2OH 


CH3COCOOH ► CHsCHO + CO2 

'Fhe scheme illustrates that acetaldehyde, not pyruvic acid, is the hy- 
drogen acceptor in alcoholic fermentation. One of the end products, alco- 
hol, has a higher energy content (per carbon atom) than sugar; the other 
end product, carbon dioxide, has a lower energy content. Whereas gly- 
colysis is only a dissimilation, alcoholic fermentation is a mixture of 
dissimilation and assimilation. 

In coll fermentation pyruvic acid is split in another manner: 

Qm, cocoon + H2O h ch8C(oh)2Cooh] cHsCOOH + hcooh 

pyruvic acid Acetic acid Formic 

acid 

Tlu» formic acid is degraded (decarboxylated or dehydrogenated) by a 
special (‘iizyme into carbon dioxide and hydrogen: 

HCOOH ^ H2 + CO2 

Woods (309) has demonstrated the reversibility of the last reaction. 
C'arbon dioxide can be reduced to formic acid not only by molecular hy- 
drogen but also by organic hydrogen donors, a reaction described by 
Winogradsky (305) as early as 1890 (so-called chemosynthesis). It is of 
interest to investigate whether the reaction pyruvic acid = acetic acid -|- 
formie acid is reversible. A demonstration of the formation of pyruvic 
acid by the condensation of formic acid with acetic acid would make pos- 
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sible a complete chemical explanation of sugar formation from carbon 
dioxide. 

We can summarize the facts known about coli fermentation as follows: 

The equation of the ordinary coli fermentation (108) is 

2C6Hi20fl + H 2 O 

= 2CH3CHOHCOOH 4- CHsCOOH + CaHsOH + 2CO2 + 2H2 
This equation is most readily explained by the following scheme: 

2 Hexoses = 4 Trioses 
-8H 

> 2H+ + 26 = H2 (gas) 

4 Glyceric acid 

4 Pjrruvic acid 2 Lactic acid 
1 CO2 + 1 A lcohol 

1 Formic acid 1 Acetic acid 

/\ 

1 CO2 1 H2 (gas) 

Of the eight’ hydrogen atoms liberated from sugar, only six hydrogen 
atoms are used in the reduction of pyruvic acid and of acetaldehyde. The 
two hydrogen atoms left form 1 molecule of hydrogen gas. 

Adding the end products from the different processes we get: 2 lactic 
acid + 1 acetic acid + 1 alcohol + 2CO2 + 2H2. 

Since 1 mole of alcohol is formed, 1 mole of carbon dioxide is derived 
from a simple decarboxylation of pyruvic acid which means, the ratio 
C02'.H2 being 1, that 1 mole of hydrogen is formed from the dehydrogena- 
tion of triose; this oxidation will just furnish the two hydrogen atoms left 
in the hydrogen balance. A consequence of these considerations is there- 
fore that the electrode potential of the system triosc-gly ceric acid is not 
too far from the level of the hydrogen electrode.® Stephenson and Stick- 
land (263) have already pointed out that hydrogen must be formed from 
other sources than formate and have given evidence for this claim. 

One objection against the scheme just presented is the fact that B. 
typhosum accumulates formic acid and does not form hydrogen (254). 
This might indicate that the only source of hydrogen in coli fermentation 

* This assumption is made on the basis of the old Wieland scheme of aldehyde 
oxidation. If phosphate is taken up in the aldehyde group (Negelein-Lipmann reac- 
tion) the oxidation can hardly yield hydrogen gas. 
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is formic acid. Since such an assumption, however, seems to be in dis- 
agreement with Harden's equation, it is rather worth while to try to explain 
tlic lack of hydrogen in B. typhosum fermentation as due to a reduction 
of acetic acid to ethyl alcohol by the hydrogen of the triose.® Such a 
reduction of free acetic acid is, however, a strong endergonic reaction.^® 


Scheme of B. typhomm fermentation 
2 Trioses 


2 P3rruvic acid 

i 

1 Formic + 1 Acetic 
acid acid 

1+2H 

i Alcohol 


1 Lactic acid 


(J Acetic acid left) 


The end products formed are: 1 mole of lactic acid ; 1 mole of formic acid; 
0.5 mole of acetic acid; and 0.5 mole of ethyl alcohol. Both qualitative 
and quantitative figures agree with the experimental data. 


B. Different kinds of fermentations 


Some soil bacteria, Aerohacter aerogeneSj contain an enzyme which cata- 
lyzes the condensation of acetaldehyde to a carbinol which, replacing 
aldehyde as hydrogen acceptor, is reduced to a glycol (107). 

1 — 

CH3“~C~-|H“ H0|™C— CHs > CHaCOCHOHCH® 

Acetylmethylcarbinol 
CH3COCHOHCH3 + 2H — ^ CHaCHOHCHOHCHa 

2,3-Butylene glycol 


Thus the glycol replaces the ethyl alcohol as end product in the aerogenes 
fermentation. 

Some strains of aerogenes are also able to reduce glycerol to trimethylene 
glycol, a reduction which very few bacteria are able to carry out. Braak 
(29) in Kluyver's laboratory discovered this interesting reduction from the 
observation that strains of aerogenes were able to grow very well on glycerol 
as the only carbon source in the absence of oxygen. Braak demonstrated 
a dismutation of glycerol by isolating the reduction product, trimethylene 
glycol, CH3OHCH2CH2OH, in a high yield. 


• Cf. the reduction of butyric acid to butanol. 

Perhaps a phosphorylation of the carboxyl group must always precede the re- 
duction of the carboxyl group (299, 220, 175). 
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Presumably an anhydride of glycerol is formed and acts as hydrogen 
acceptor for glycerol. Thus acrolein is formed, together with trimethylene 
glycol, from glycerol by some microorganisms (287, 215). 

In propionic acid fermentation no secondary cleavage of pyruvic acid 
takes place. The difference from the lactic acid fermentation is that in 
the propionic acid fermentation the substrate (sugar or glycerol) is oxidized 
two steps instead of one and, correspondingly, the acceptor (pyruvic acid) 
is reduced two steps, yielding propionic acid. 

Fitz found the following equation for the conversion of carbohydrates 
into propionic acid: 


3 trioses = 2 propionic acid + 1 acetic acid + 1 CO 2 


The following scheme is supported experimentally by the investigations 
of van Niel (227), Virtanen (285), and others: 


3 Trioses 
-6H 

3 Glyceric acid 

j-iM 

3 Pyruvic acid 
j-2H 

1 Acetic acid + 1 CO 2 


2 Propionic acid (CHsCHjCOOH) 
T+4H 

2 Acrylic acid (CH 2 =CHCOOH) 
T-HaO 

2 Lactic acid (CH,CHOHCOOH) 
T+4H 

2 Pyruvic acid (CHaCOCOOH) 


Eight hydrogen atoms (6 + 2) are removed in dehydrogenations and eight 
hydrogen atoms (4 + 4) are added in reductions Two anhydrides, py- 
ruvic acid (the anhydride of glyceric acid) and acrylic acid (the anhydride 
of lactic acid), act as hydrogen acceptors. 

van Niel made the important observation that glycerol is converted 
quantitatively into propionic acid by propionic acid bacteria. 

Applying the same principles as in the other fermentations, this fact 
can be interpreted by the following scheme: 


Glycerol 

~2H 

Triose (glyceraldehyde) 

! -2H 

Glyceric acid 


Propionic acid 
T+2H 
Acrylic acid 
T~H,0 
Lactic acid 
t+2H 

Pyruvic acid 
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f(‘mic' Illation of glycerol to propionic acid is very closely related to 
the fermentation of sugar to lactic acid ; the main difference is that in the 
first ferm(‘ritatjon a two-level oxidation and a two-level reduction (± 4H) 
is involv(*d, in the last only a one-level oxidation and reduction (db 2H). 
Both fermf'ntations are pure dissimilations. 

Wood and Werkmann (306, 307), investigating the fermentation of 
glycerol to propionic acid, made the fundamental observation that the 
addition of carbonate caused a considerable formation of succinic acid and 
a corr(‘sponding decrease both in the amount of propionic acid formed and 
in the (^arl)onate. This might be explained by assuming that carbon 
dioxide is t,aken up by the pyruvic acid to form oxaloacetic acid^^ (the 
rev(‘rse reaction being well known), which is then reduced instead of py- 
ruvic acid* 


Oxaloacetic acid 

i 

Malic acid 

i 

Fumaric acid 

i 

Succinic acid 


HOOCCH 2 COCOOH 

i+2H 

HOOCCH 2 CHOHCOOH 

i-IhO 

HOOCCH=CHCOOH 

i+2H 

HOOCCH 2 CH 2 COOH 


Recent experiments by Carson and Ruben (34) with radioactive carbon 
dioxide (C^CJe) show interesting new phenomena in the propionic acid fer- 
mcmtation. These investigators found that if radioactive carbonate is 
added to propionic acid bacteria in the presence of glycerol, radioactive 
carbon enters into not only the succinic acid fonned but also the pro- 
pionic acid. 

This observation indicates a rev^ersible uptake and liberation of carbon 
dioxide b(4we(m a Ca-monocarboxylic acid and a symmetrical C 4 -dicar- 
boxylic acid, for instance: 


CK)OH 

1 

C-0, 

+ 

C*OOH 

1 

C*OOH 

1 

CHOH 

CH,OH 

CHOH 

CHOH 

CHOH 

1 

1 or 

CHOH 

inoH 

in^oH 

COOH 

1 

COOH 

1 

COOH 

+ 



COs 


Carson and Rubcm did not find an interchange between succinic acid and 
propionic acid; however, the reversible reaction 

fumaric acid acrylic acid + CO 2 


“ Cf, also Wood et aL (308). 
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or 

tartaric acid glyceric acid + CO 2 

represents other possibilities which deserve attention. 

Carson and Ruben find the ratio of the radioactivity of volatile acids 
to that of non-volatile acids equals approximately 3. Wood and Werk- 
mann (307) find that the ratio propionic acid/succinic acid is 5 in the first 
three days of the fermentation of glycerol in the presence of carbonates; 
after the fifth day this radio decreases to 4. In Carson and Ruben^s 
experiments the incubation period was only about 30 min. and the ratio 
propionic acid/succinic acid formed is very hkely 5 or larger. Since the 
ratio of the radioactivity of volatile acids/non-volatile acids is 3, the radio- 
activity in propionic acid is only about 50 per cent of that of succinic acid; 
this is in fair agreement with the hypothesis of the reversible interchange 
of carbon dioxide between a Ca-monocarboxylic acid and a symmetrical 
C 4 -dicarboxylic acid. Wood et al. (308) have recently shown that the 
carbon isotope goes only into the carboxyl group of the Ci-dicarboxylic 
acid. The recent experiments of Carson and Ruben show also that C* 
enters only the carboxyl carbon of propionic acid. 

There is reason to beheve that Wood and Werkmann's carboxylation 
process also takes place in the fermentation of sugar to propionic acid, but 
since carbon dioxide is formed in this process an uptake of carbon dioxide 
is not easy to demonstrate. Wood and Werkmann^s discovery is, further- 
more, in agreement with the fact that the normal potential (calculated from 
thermal data) of the system 

propionic acid acrylic acid + 2H^ + 26 

is approximately the same as that of the system 

succinic acid fumaric acid + 2H+ + 2e 

i.e., about 430 millivolts more positive than the hydrogen electrode (see 
table 1). 

The direct experimental demonstration of acrylic acid as a hydrogen 
acceptor in the propionic acid fermentation is, however, still the missing 
link. Furthermore, the demonstration of an enzyme like fumarase which 
is able to attach water to acrylic acid or to remove water from lactic acid 
is still lacking. A direct reduction of the hydroxyl group in lactic acid, 
giving propionic acid, is possible and is known in organic chemistry but 
requires drastic treatment. The reduction of a hydroxyl group involves 
cleavage: 


I 


I 

H-C-IO— HI 
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Aside from the reduction of peroxides, reductive cleavage is observed 
in a few cases in i>iological processes: e.g., the reduction of S — S compounds 
to 2SH or the reductive cleavage of the proline ring in Clostridium sporo- 
genes (265). 

The reduction of glycine and other amino acids to fatty acids (Stick- 
land) with the liberation of ammonia is of particular interest in this con- 
nection. Is ammonia liberated before the reduction, in analogy to an an- 
hydride formation, or is ammonia liberated during the reduction by a 
cleavage? The first possibility is realized in the demonstration of aspar- 
tase (246, 286), an enzyme catalyzing the reaction 

COOH 

in 

Aooh 


COOH 

hAnh, 

CH, 

Aooh 


The equilibrium malic acid fumaric acid and the replacement of 
propionic acid by succinic acid in the presence of carbonate are two facts 
which make it very desirable to find the corresponding equilibrium* lactic 
acid acrylic acid. Some old experiments of Dakin (56) indicate that 
such a reaction actually exists. 

The formation of butyric acid from sugar by Vibrion hutyrique (Pasteur) 
is discussed in the section dealing with the formation of fatty acids from 
carbohydrates. 

The so-called aerobic ^oxidative' 0 fennentations (20) are respirations 
rather than fermentations, since oxygen is the hydrogen acceptor. To 
this group belong the following: acetic acid ‘^fermentation'’ (i.e., more or 
less complete accumulation of acetic acid formed by oxidation of alcohol), 
and citric and fumaric acid “fermentations" (the latter two occurring in 
molds). 

The acetic acid bacteria are able to oxidize not only ethyl alcohol but 
also several polyalcohols: e.g., glycerol to dihydroxyacetone and sorbitol to 
sorbose (22). An explanation of why keto sugars are formed was given 
by Bertrand, who demonstrated the importance of a definite configuration 
of the alcohol groups. 


HCOH 

hAoh 

Ah,oh 


lA 


HCOH 


-2H 


<u 

AhiOH 
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This phenomenon was later illustrated by Kluyver and Leeuw (136), who 
were able to isolate the calcium salt of 5-ketogluconic acid in the oxidation 
of gluconic acid by an acetic acid bacterium (“Vinegar bacterium^O- 

CH 2 OH CH 2 OH 

hCoh 

.1 

HCOH HCOH 

boon cooH 

The oxidation of ^gluconic acid to 2-ketogluconic acid, which sponta- 
neously is converted into carbon dioxide and a pentose, has also been ob- 
served (135). This last reaction is similar to the oxidation of 6-phospho- 
hexonic acid to carbon dioxide^^ and ribose phosphate, a reaction observed 
in yeast juice by Lipmann (171) and later by Warburg (296) and 
Dickens (59). 

Space does not permit a discussion of the mechanism of citric acid 
formation in molds, although this reaction is of general interest because of 
the important r61e which citric acid seems to play in animal tissue res- 
piration. 

IV. THE MECHANISM OF HYDROGEN (OR ELECTRON) TRANSFER 

Hopkins, Euler, and other investigators have for a long time been aware 
that the transfer of hydrogen (e + H+) from donor to acceptor does not 
take place directly but requires an electron-transfer system. Such elec- 
tron-transfer systems capable of taking up and giving off electrons rapidly 
have also been observed and isolated. Hopkins discovered the tripeptide 
glutathione; in 1927 Szent-Gyorgyi isolated ascorbic acid, which was identi- 
fied as vitamin C by King and by 8zent-Gy5rgyi. Hopkins' glutathione 
contains an — SH group which, when oxidized one step (minus (c + H"^)), 
dimerizes to the meriquinone S — S. Ascorbic acid, which is a dienol. 



is oxidized to a diketone 

i A 

The formation of carbon dioxide is due to a spontaneous decarboxylation of 
2-ketdpho8phogluconic acid. 
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vSzent-Gyorgyi and coworkers later described the stimulation of respira- 
tion by trac(‘s of members of the fumaric acid system. None of these sub- 
stances, however, was identical with the essential electron -transfer system 
in fermentation and respiration. 

Harden and ^"oung in 1905 (108, 109) separated a heat-stable factor of 
low mol(a*ular weight, from the enzyme system of alcoholic fermentation; 
this factor was calk’d tlie coenzyme. Meyerhof in 1918 (196) demon- 
strated that (?o(‘nzymes could also be separated from respiration enzymes 
(d(‘hydrogenases) . Later, when separate steps in the fermentations were 
described (Neuberg, Embden); the coenzyme of the fermentation was sepa- 
rat(‘d into different factors. Lolimann (179) found that magnesium ion 
and adenylic acid (adenine pentose monophosphate), a substance which 
Embden and Zimmermann (67) isolated from muscle tissue, are the con- 
stitiK’iits of tlie coenzyme of the enzymes catalyzing phosphate transfer 
(see later). Auhagen (5) separated the coimzymc of the enzyme which 
catalyzes decarboxjdation from pymvic acid (Neuberg^s carboxylase). 
Auhagen’s coenzyme was called cocarboxylase. Euler and Myrback (76, 
77) separated anotlu’r coenzyme which was a necessary component in the 
oxidoreduction of the alcoholic fermentation; this coenzyme was called 
cozymase. They purified the cozymase to a high extent and demonstrated 
that it contains adenylic acid but that it is not identical with adenylic 
acid since it contains other nitrogenous compounds (71). 

Although Euler was able to demonstrate the need of cozymase for the 
oxido-reduction, the nature of the action remained obscure. Cozymase 
occurs in all kinds of tissues, although only in very small amounts; the 
substance seemed to be a complicated and labile substance, difficult to 
separate from other nucleotides.^^ 

In the course of three years (1932 -36) Warburg and his coworkers suc- 
ceeded not only in isolating two of the most important codehydrogenases 
as pure substances and in clarifying the complete constitution of one of 
them, but the}" furthermore demonstrated that the action of these coen- 
zymes is a transfer of hydrogen (elcctroiLs) and were even able to prove 
what part of the complicated molecule is involved in the biological transfer 
of hydrogen. Besides this brilliant work, Theorell in 1935 and Negelein 
in 1936 in Warburg^s laboratory demonstrated that the so-called coen- 
zymes combine reversibly with specific proteins; some of these proteins 
have be('n purified by Negelein to an extent which can only be compared 
with the crystalline enzymes isolated by Sumner and Northrop and Kunitz. 

A nucleotide is a compound built up of a nitrogen base, a sugar or an alcohol, 
and phosphoric acid. The name ^*nucleotide’^ is derived from the high concentra- 
tion of these compounds in the nucleus of the cell (nucleic acids, nucleoproteins), 
particularly in the chromosomes. 



ENERGETIC COUPLING IN BIOLOGICAL SYNTHESES 


99 


A . Pyridine nucleotides^ the electron-transferring component of respiration and 

fermentation 

By 1934-35 Warburg and Christian (300) had finished their purification 
of the so-called respiration coenzyme (“Atmungs Coferment^O- The 
chemical analysis showed that the coenzyme was a dinucleotide, containing 
the tw^o nitrogen bases adenine and nicotinic acid amide (amide of pyridine- 
/3-carboxylic acid), besides two sugar molecules (presumably riboses, accord- 
ing to Euler (71)) and three phosphates Warburg and Christian, on the 
basis of the constitutional formula of the coenzyme, introduced the chemi- 
cal name ^Triphosphopyridine nucleotide^' (the more correct name ^'tri- 
phosphopyridine-adenine nucleotide” seems too long). The essential con- 
stituent of the nucleotide is the pyridine derivative, a nitrogen base which 
at that time was completely new in enzyme biology. Warburg and Chris- 
tian were able to demonstrate, partly by means of classical chemical 
methods and partly by ultraviolet spectroscopic methods, developed by 
Haas (100) in Warburg's Institute, the following fundamental reaction: 

sugar + ‘‘pyridine” = sugar acid -f “dihydropyridine” (1) 

the sugar being hexose monophosphate; the “pyridine” being the tri- 
phosphopyridine nu(;leotide and its specific protein (in the old nomen- 
clature called hexosemonophosphate dehydrogenase). 

Negelein and Haas (221) found that the triphosphopyridine nucleotide 
combines with a protein specific for the substrate, in this case hexose 
monophosphate (“Robison ester”). This pyridine-protein is designated 
by Warburg as “Triphosphopyridinproteid” (Robison ester). 

Warburg and Christian (296) have isolated another protein which, com- 
bined with the pyridine nucleotide, catalyzes the oxidation of a sugar acid, 
phosphohexonic acid, to phosphoketohexonic acid (c/. 171, 59). This en- 
zyme is called “pyridine-proteid (phosphohexonic acid)”; the old term 
would be “phosphohexonic acid dehydrogenase ” 

The amount of metabolite oxidized by “pyridine” in equation 1 depends 
of course on the amount of “pyridine”; the reaction is actually stoichio- 
metric. Warburg and Christian demonstrated that in the presence of 
oxygen and another hydrogen-transfer system, which is able to react in 
the oxidized form with di hydropyridine and in the reduced form with 
oxygen, the hydrogen from the metabolite is transferred to oxygen and in 
this case only extremely small amounts of the hydrogen-transferring sub- 
stances are necessary for a rapid oxidation of largo amounts of the metabo- 
lite. The system which is able to take hydrogen from “dihydropyridine” 
and give hydrogen to oxygen has also been isolated by Warburg and 
Christjan and is called the yellow respiration enzyme or, using a more 
chemical terminology, the alloxazine-nucleoprotein (see later). 
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The catalytic oxidation of hexose monophosphate to phosphohexonic 
acid by the two nucleotide proteins can be characterized by the following 
three equations: 

hexose monophosphate + “pyridine^’ 

= hexonic acid phosphate + “dihydropyridine” (2) 
“dihydropyridine” + “alloxazine” 

= “pyridine” + “dihydroalloxazine” (3) 
“dihydroalloxazine” + 02= “alloxazine” + H 2 O 2 (4) 

In equation 1, hexose monophosphate and “pyridine” were used up, the 
former as a hydrogen donor, the latter as a hydrogen acceptor. In the 
presence of both nucleotide proteins, even in minute amounts, only hexose 
monophosphate and oxygen disappear. 

The coenzyme of the oxidoreduction in the fermentation, Euler^s co- 
zymase, is also a pyridine-protcid (diphosphopyridine nucleotide) trans- 
ferring hydrogen from sugar to acetaldehyde and pyruvic acid. This was 
demonstrated at the same time by Warburg and Christian (295) and by 
Euler, Albers, and Schlenck (75). The only difference from the other 
pyridine compound is, as shown by Warburg and Christian, that the 
hydrogen transfer from triose phosphate through the diphosphopyridine 
nucleotide to pyruvic acid depends on the presence of inorganic phosphate 
and adenine nucleotide (adenosine diphosphate). This phosphate effect 
will be discussed in the next section. 

In glycolysis the diphosphopyridine nucleotide transfers hydrogen from 
triose (as the phosphate ester) to pyruvic acid: 


triose + “pyridine” = glyceric acid + “dihydropyridine” (1) 
pyruvic acid + “dihydropyridine” = lactic acid + “pyridine” (2) 


Warburg and coworkers, having proved that the pyridine ring is the 
hydrogen-transferring system, started, in collaboration with Karrer (125), 
to find out whether the C=C or C=N double bond is the carrier of hy- 
drogen removed from the metabolites. Karrer (124) synthesized the iodo- 
methylate of nicotinic acid amide and, by reducing this substance with 
hydrosulfite, established the following reaction: 



+ 2 « 

+H+ 


/^ONH, 

LJh. 



+ I- 
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By reduction with sodium hydrosulfite (Na 2 S 204 ) a new acid equivalent 

\ / 

(HI) arises besides sodium bisulfite. The group is therefore 

\ ^ ^ 

the oxidized form and the group the reduced form. 

Warburg and Christian (295, 297) then demonstrated that reduction of 
the pyridine nucleotides with hydrosulfite gives rise to an extra acid group, 
owing to the removal of the quaternary nitrogen: 




+ S,Oi- + 2H,0 = H^— + 2HSOr + H+ 


The extra acid will be taken up by the phosphate anion. Thus the pyridine 
nucleotides are quaternary nitrogen bases (pyridinium derivatives). 

Furthermore, investigations of Euler and coworkers (78, 283) showed 
that alkali inactivation of the pyridine nucleotides yields adenosine diphos- 
phate. On the basis of their investigations, Euler (71) illustrated the oxi- 
dized and reduced diphosphopyridine nucleotide in the following manner: 


H 

C 




Hi i: 

V 


CONH, 

H 






Hoin I 

Hoin 

ni — 


0 


OH 


Hji— o— i- 


N=CNH, 


HC C— N, 
If— i—N' 






HC — , 


CH 


-0 

A A 


HOCH 

I 

HOCH 

I , 

HC — I 

I 

O— CH, 


0 


The redox potential of the system 

— 2« 

‘^pyridinium’' “pyridine” 

+2i 

is not exactly known. Clark (35), however, has calculated the potential 
in thejpresence of the pyridine-proteid. He obtained (pH 7) = —0.260 
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volt. Ball (6j, using (Mark’s indicators and an enzyme system from milk, 
estimated the potential of the] 

— 2€ 

^'pyridinium*’ ^‘pyridine” 

+2£ 

system at Eq (pH 7) = —0.260 volt. Borsook (25) recently calculated Eq 
from the detailed and careful e(|uilibrium investigations of Euler and 
CO workers (glutamu; acid-ketoglutaric acid system) and found Eq (pH 7) 
to be —0.280 volt This potential is from 180 to 150 millivolts more 
positive than the hydrogen electrode but is rather negative in comparison 
with the alloxazine system and particularly with the hemin system. Most 
of Clark’s indicators (d^Ts) have potentials more positive than the pyridine 
system. Tiie 7 ,7-dipyridyl dyes, however, have potentials more negative 
than the pyridine system; Eo (pH 7) for the dipyridyl dye methyl vio- 
logen is even 20 millivolts more negative than the hydrogen electrode. 

Negelein and co workers (221, 222) were able to isolate in a very pure 
state some of the proteins which are necessary for the pyridine catalysis. 
They furthermore showed, by means of very exact kinetic measurements, 
using the spectrophotometric method of Haas, that the pyridine nucleotide 
and the protein combine to a proteid able to dissociate. The reduced 
pyridine nucleotide (“dihydropyridine”) forms a dissociable compound 
with th(» same protein (“dihydropyridine-proteid”). The pyridine-proteid 
is the compound which catalyzes the oxidation of the metabolite (or the 
reduction of “pyridine”). The velocity of this electron transfer is there- 
fore proportional not only to the total amount of protein (E) but also to 
the ratio pjTidine-proteid/proteids + protein (pox). On the basis of the 
H'action 


AH2 + “pyridine” A + “Hjrpyridine” 

calling the concentrations of “pyridine” and “H2-pyridinc” Cox and Cred, 
the velocity of the reaction is: 


dCox 

dt 


lz*E‘ Pox 


where k is a velocity constant. If the reaction is reversible, the ex- 
pression is: 

= K^-E.p„ - kr^-E.pr^ 

where kox is the velocity constant for the reaction from left to right and 
fcred for the reaction from right to left. 

Considering the simple case where the reaction is only going from left 
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to right, Warburg illustrates the kinetics of the enzymatic oxidation- 
reduction in the following manner: In order to understand the nature of 
the enzymic pyridine reduction better, pox is expressed by the dissociation 
constants of the pyridine-proteid (i)„x) and of the dihydropyridinc- 
protcid (Dred). 

The dissociation of the pyridine-proteid is expressed in the following 
equation : 

pyridine [Cox] + protein [(1 — pox “■ Pred)^^] pyridine-proteid [pox-E] 
The dissociation constant (Z)ox) for this reaction is 

n [Cox]*[(l Pox Pred)-£^] 

"" 1^] 

The dissociation constant of the dissociable dihydropyridine-proteid 

(-^red) i^ 

Y) _ [C^red]*[(l Pox Pred)£] 

[Pred-E] 

From these two equations pox is obtained: 

Cox*I^rod 

Cox(Dted — Eox) + Dox{C + Dred) 

where C = Cred + Cox, i.e., the total concentration of nucleotide, 
equation for pox used in the velocity equation gives: 

dCox 7 rp Oox • Dred 

d< 


Pox 


The 


Cox(Dr,d - Dox) + Dox(C + Dred) 

These formulas illustrate the importance of Drod for the velocity of the 
reaction from left to right. Increasing Dred, which means easier removal 
of ‘^dihydropyridine’^ from the protein, increases the velocity of the reac- 
tion from left to right ( — dCox/dt) In the “pyridine-proteid (hexose mono- 
phosphate),^’ Dox = Dred, which gives the simple equation: 

^dCo: 

“dT 

If the total concentration of nucleotide (C) is great in relation to D, 
the velocity equation is even simpler: 




dCo. 

■ d< 




If C is in great excess, the velocity of the reaction at < = 0 (i.e., Co. 
depends only on the total amount of protein: 


C) 
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The independcnc(‘ of C indicates that the protein is completely saturated 
with ^‘pyridine/’ 

If C = D the velocity at ^ = 0 is 

dCox _ ^kE ^ kE 

“ar ~ ^ ^ T 

which m(*ans that the dissociation constant (D) is equal to that nucleotide 
concentration which saturates the protein (E) to the extent of 50 per cent 
(moles nucleotide > moles protein), 

Ne^gel(‘in and coworkers have obtained excellent agreement between the 
theory and the experiments, which thus establishes the suggestion that the 
rate of oxidation of metabolites by ^^pyridine*^ and a special protein de- 
pends on the concentration of the dissociable compound: ‘^pyridinc^^- 
proteid. 

The rate of reduction of ‘^pyridine^^ per unit of coenzyme is constant 
most of tlie time, provided that Cox is great enough to saturate the protein 
completely. If the nucleotide concentration is increased to a very high 
extent the rate per milligram of nucleotide decreases, i.e., the efficiency 
decreases, 

Negelein and Wulff (222) found that the protein catalyzing the oxida- 
tion of ethyl alcohol to acetaldehyde (or the reverse process) is 50 per cent 
saturated at a concentration of **dihydropyridine^^ one-third that of 
“pyridine.” Furthermore, the catalytipally active proteins form disso- 
ciable compounds with the substrates which are being oxidized or reduced. 
The idea of a substrate-enzyme compound w^as advanced as early as 1913 
by Michaelis and Men ten (209) on the basis of their studies of invertase 
action and has been very useful in the interpretation of enzyme kinetics. 

I shall here present some of Negclein^s values for the dissociation con- 
stants of protein-nucleotide compounds and for protein-substrate com- 
pounds. 



D OF PTBIDIKB 
NUCLSOnOllS, TH> 
so-cAXXBD PBoamne 
OBOXTP OF ‘•PYRIDINB- 
BNZTlfBS” (l>ox) 

D or DIBTDROPTRIDINII NtJCLSOTIDaS. 
THK BO*CALLBD PBOBTHBTIC OBOUP OF 
BBOUCXMa '‘PTRIOXBB-BNSTinBB*' (Dred) 

HexosemonophoBphate dehydro- 
genase 

1 1 X io-» 

1 X 10“‘ 

moles nucleotide* 
liter 

Alcohol dehydrogenase 

9.5 X 10“» 

3.2 X 10“‘ 

*mole8 nucleotide* 
liter 






The D values of the alloxazine nucleoproteins are at least one hundred 
times smaller than the D values of the pyridine nucleoproteins. 
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The dissociation constants of some coenzyme-enzyme complexes are pre- 
sented below: 


COaKZTMS-ENKTlIB COMPLBX 

OIBBOCIATION 

COMBTAMT 

BSTBR' 

BHCB6 

Alcohol dehydrogenase (diphosphopyridine-protein) 

9.0 X 10-‘ 

(222) 

d- Amino acid oxidase (flavinadenin e-protein) 

Pyruvic acid dehydrogenase (thiaminpyrophosphate-pro- 

2.6 X IQrf 

(219) 

tein) 

2.7 X 

(176) 

Glycogen phosphorylase (adenylic acid-glycogen-protein) 

3.0 X 10~» 

(61) 


In the equation 

dCox ^ ^ ^ 

dt 2C 2 

the velocity constant k can be calculated. 

In the oxidation of hexose monophosphate by a ^‘pyridine-proteid^’, 
k{ox) = 2.9 X 10^ (1 min.), which means that 1 molecule of specific protein 
in 1 min. is able to bring 29,000 molecules of hexose monophosphate and 
pyridine nucleotide to reaction (221). 

The velocity constant of the oxidation of alcohol by a ^‘pyridine-proteid^^ 
is /box = 1.7 X 10' (1 min.) (222). 

The velocity constant of the reduction of acetaldehyde by a ^^dihydro- 
pyridine-proteid^^ is (222) 

A; = 2.9 X lO' (1 min.) 

All these studies have shown that the oxidation-reduction nucleotides 
and ordinary substrates display two properties in common: (1) hydrogen 
is transferred from the substrate to the nucleotide by an ordinary stoichio- 
metrical reaction, and both the substrate and the nucleotide form 
dissociable compounds with the eatalytically active protein, e.g. : 

alodhol "PYRONE * 

I ACTIVE PPDTE»7 

Owing to these facts, several biochemists prefer to classify the nucleotides 
as substrates. Several substrates like the fumaric acid system (271) and 
amino acids (140) are actually able to act as e-transfer systems like the 
nucleotides. Although the analogies between substrates and nucleotides 
are of much importance, Warburg is justified in laying stress on the im- 
portant differences between ordinary substrates and the nucleotides. The 
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alloxazinc nut'leotidos and thiazole nucleotides (175), for instance, form 
proteMds which (at i)H 7) have dissociation constants far smaller than the 
substrate prot(;ids. Another feature chara(d(*ristic of the system of oxida- 
tion r(‘duction nucleotides is the appearance of semiquinonos (210, 101), 
a phenonu’iion which will be discussed at the end of this section. 


/i. Alloxazine nucleotides 

In 1932 Warburg; and Christian (293) isolated a yellow enzyme protein 
compound which was dc'colorized by reduction; when the decolorized en- 
zyme was rc'oxidized tlu^ yellow color returned. In alkaline solution and 
in light, the yc'llow dye was conve^rted into another yellow dye which was 
soluble in chloroform; this substance was called lumiflavin. Warburg and 
Christian (294) isolated th(‘ lumiflavin (C13H12N4O2) and showed that urea 
is libcTated by its alkaline hydrolysis. Stern and Holiday (263) showed 
that lumiflavin was an alloxazine with a mc^thylated nitrogen, and Kuhn 
and coworkers (156) established that lumiflavin is trimethylalloxazine : 


CH3 






\/\n/\c/ 

II 

O 

Lumiflavin 
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NH 


Hydrogen on a platinum catalyst reduces the lumiflavin to dihydroflavin, 
which is colorless; oxygen oxidizes the dihydroalloxazine to the yellow 
lumiflavin (294). 

Warburg and Christian (294) obtained detailed absorption spectra for 
the yellow enzyme and for lumiflavin. The two spectra possess the essen- 
tial resemblance. Since the spectrum of the yellow enzyme is an alloxa- 
zine spectnim, the hydrogen transfer by the yellow enzyme can be de- 
scribed as an action of the conjugated C=N units: 






\/\n/ 


A 


/ 

CO 


CO 

1 

NH 


Alloxazine 



Dibydroalloxazme 



ENERGETIC COUPLING IN BIOLOGICAL SYNTHESES 


107 


Kuhn and coworkers (157) in 1933-34 found that lumiflavin is a cleavage 
product of an alloxazine-ribityl compound (riboflavin), and in 1934 Theo- 
rell (275) discovered that the prosthetic group of the yellow enzyme is 
alloxazine-ribityl phosphate (riboflavin phosphate), i.o., a nucleotide. 
Kuhn and coworkers (1936) (154) succeeded in synthesizing the riboflavin 
phosphate. 

Theorell in 1934 (276) succeeded in separating the alloxazine nucleotide 
and the specific protein without irreversible denaturation of the protein 
by dialysis for 72 hr. against cooled dilute hydrochloric acid; addition of 
alloxazine nucleotide to the prot(4n gave resynthesis of the yellow enzyme. 
This was the first separation and reactivation of a respiration enzyme. 

The alloxazine-proteid transfers electrons from dihydropyridine nucleo- 
tides to oxygen, thus completing systems which oxidize aldehydes to acids 
or alcohols to aldehydes by oxygen: 

(aldehyde + H 2 O) + “pyridine^^ = carboxyl"" + “dihydropyridine^' (a) 

^^dihydropyridine/^ + ^ ^alloxazine’ ^ 

= ‘^pyridine’’ + “dihydroalloxazme” (b) 

“dihydroalloxazine” + 02 = ^^alloxazine” + H 2 O 2 (c) 

Like the pyridine nucleotides, the free alloxazine nucleotide is inactive; 
only the alloxazine nucleoprotein is active. 

Theorell (279) proved that at low oxygen pressure the “dihydroalloxa- 
zinc” can be reoxidized by the ferric ion of cytochrome c. F. G. Fischer 
(82) and Szent-Gyorgyi and coworkers (272, 158) showed that ‘‘dihydro- 
alloxazine” can be reoxidized by fumaric acid in the presence of special 
enzymes. 

In 1938 Warburg and coworkers (298) isolated some new yellow enzymes, 
the prosthetic group of which they showed to be alloxazine-adenine dinu- 
cleotides. These alloxazine dinucleotides have a striking resemblance to 
the constitution of pyridine-adenine nucleotides. A number of these new 
alloxazine-proteids were isolated at the same time in Warburg’s Institute 
and by Straub (266) in Keilin’s Institute. The experiments of Warburg 
and coworkers and those of Straub show that these new alloxazine-proteids 
are considerably more active than the old enzymes isolated in 1932. Com- 
bined with different proteins, the alloxazine dinucleotides are able to react 
not only with the pyridine nucleotide and with amino acids (298) but also 
with other systems; Corran, Green, and Straub (54) showed that one of 
the alloxazine-proteids isolated by Straub from heart muscle transfers hy- 
drogen from dihydropyridine” to methylene blue (and probably also to 
cytochrome) with an enormous velocity. Warburg points out that the 
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“old” alloxazine nucleotides might be cleavage products of the “new^^ 
dinucleotides. 

Warburg and (Christian (298) in their new research on the yellow en- 
zyme introduced a very convenient method for the separation of alloxazine 
nucleotid(\s from alloxazine nucleoproteins which have a very small disso- 
ciation constant: addition of m/10 hydrochloric acid to a cooled solution 
of the flavoprotein in 20 per cent ammonium sulfate solution liberates the 
alloxazine group, the ammonium sulfate protecting the protein against 
acid denaturation. Recombination experiments gave an excellent yield: 
78 per c(*nt of the protein and 95 per cent of the alloxazine dinucleotide 
remained active during the separation (298). The alloxazine nucleopro- 
teins are dissociable only to an exceedingly small extent. The alanine 

TABLE 2 


Systems which reduce and oxidize alloxazine 
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(Szent- 

d-Amino acids (d-alaninc, 
d-proline, cysteine) 

i 

Alloxazine dinucleotide 
(Warburg and Christian, 
1938) 

Oxygen 


Diphosphopyridine nu- 
cleotide 

Alloxazine dinucleotide 
(Haas, 1938) 

Methylene blue 


Diphosphopyridine nu- 

Alloxazine dinucleotide 

Methylene blue 

(cyto- 

cleotide 

(Straub, 1938) 

chrome?) 


Triphosphopyridine nu- 
cleotide 

1 

Alloxazine dinucleotide 
(Warburg and Christian, 
1938) 

Oxygen 


Thiamin nucleotide (Lip- 

Alloxazine dinucleotide (F. 

Oxygen 


mann, 1939) 

G. Fischer, 1939) 

Fumaric acid 



“oxidase” has the highest dissociation constant: iiC = 2.5 X lO”^ moles 
per liter. A number of catalytically active alloxazine-proteids have been 
isolated; table 2 summarizes what is known about the systems which 
reduce and oxidize alloxazine. 

Furthermore Ball (7), in Warburg^s Institute, purified the xanthine 
“oxidase” and found that the alloxazine dinucleotide is one of the pros- 
thetic groups of this enzyme, A similar observation was made by Gordon 
Green and Subrahmanyan (94) in purifying an aldehyde dehydrogenase 
from liver tissue. The xanthine oxidase and the aldehyde oxidase con- 

lu Very recently, Haas, Horecker, and Hogness (J. Biol. Chem. 136, 747(1940)) 
in some brilliant studies discovered a new, very active yellow enzyme, the prosthetic 
group of which is an alloxazine mononucleotide. The new yellow enzyme transfers 
electrons from triphosphopyridine nucleotide to cytochrome c. 
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tain another coenzyme besides the flavin component; the second coenzyme 
has not yet been identified. 

Franke and Deffner (87) recently obtained a purified glucose dehydro- 
genase, the activity of which was found to be proportional to the content 
of alloxazine. 

The normal redox potentials of free alloxazine nucleotides (211) amount 
to about —150 millivolts (pH 7), whereas the alloxazine-proteids have 
higher potentials, about —80 millivolts. The redox potential of the 
alanine ^^oxidase^^ is not known, but since the dihydroalloxazine forms a 
proteid which experimentally is undissociable, the potential will be raised 
to a considerable extent (c/. 36, 57). 

It is well known that Warburg’s discoveries of nicotinic acid and allox- 
azine as the essential compounds in redox enzymes were of fundamental 
importance for the numerous investigations of the action of these sub- 
stances on growth. The result of these investigations was the identifica- 
tion of previously unknown growth factors (vitamins) with these two 
compounds. 

C. Thiamin nucleotides 


The antiberiberi factor, vitamin Bi (or ancurin), was identified by the 
work of Williams and of Windaus as a thiazole-pyrimidine derivative. In 
the case of Bi the vitamin function was known long before the enz3mie 
action. 

Experiments of Peters and coworkers (244) showed that brain tissue 
from pigeons which have beriberi symptoms has a smaller oxygen con- 
sumption than normal brain tissue and exhibits an accumulation of acids. 
Peters and collaborators identified the acid accumulated in beriberi tissue 
as pyruvic acid and were furthermore able to demonstrate that lack of 
vitamin Bi stopped or inhibited the further breakdown of pyruvic acid. 

As mentioned before, the enzyme which catalyzes the decarboxylation 
of pyruvic acid to acetaldehyde and carbon dioxide, Neuberg’s carboxy- 
lase, is a protein compound from which a prosthetic group, the so-called 
cocarboxylase, can be liberated (5). 

In 1937 Lohmann and Schuster (184) identified Auhagen’s cocarboxylase 
as vitamin Bi pyrophosphate (thiamin pyrophosphate) : 
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Lohmarm and Sohiister resynthosized carboxylase by addition of thiamin 
pyropliosphatc' to the specific protein; thus they established that Ncuberg^s 
carboxylase*, the* enzyme which catalyzes the reaction 

ClhCOCOOn - CH3CHO + CO2 

is a thiamin nucleoprotcin 

Krebs (147, 148), as well as Idpmann (173), discovered a new type of 
reaction, the dismutation of pyruvic acid: 

2 CIl 3 COCO()H + II 2 O'' = CH 3 CIIOHCOOH + CH3COOH + CO2 

One molecule of pyruvic acid ads as hydrogen acceptor, the other together 
with water^* as hydrogen donor, the first yielding lactic acid, the second 
aceti(‘ acid and carbon dioxide. 

Lipmann (174) furthermore demonstrated that pyruvic acid can be oxi- 
diz(‘d in animal tissue as well as by lactic acid bacteria according to the 
e(iuation : 

C^HsCOC^OOIl + H2O'' + 02 = CH3COOH + CO2 + H2O2 

He was able to obtain the pyruvic acid dehydrogenase from dried lactic 
acid bacteria in a stable form. Treating this concentrated enzyme prepara- 
tion in the same manner as Lohmann did, Lipmann inactivated the system 
and rcactivati'd it by addition of very small amounts of Lohmann’s pure 
thiamin pyrophosphate. Recently (176) he observed that a purified py- 
ruvic acid dehydrogenase t reated according to the method of Warburg and 
CUiristian (dilute hydrochloric acid in the presence of ammonium sulfate) 
is inactivated. Apparently the dehydrogenase contains another compo- 
nent besides thiamin phosphate. Lipmann was able to restore the pyruvic 
acid dehydrogenase with a small amount of Warburg^s alloxazine dinucleo- 
tide and thiamin pyrophosphate. The pyruvic acid dehydrogenase there- 
fore is composed of a substance of high molecular weight (presumably a 
protein) and two prosthetic groups, thiamin and alloxazine nucleotides; 
the thiamin system therefore presents a striking resemblance to the pyri- 
dine alloxazine system. Lipmann^s experiments furthermore show that 
phosphate and adenylic acid are necessary components of the system. 
This last, observation will be discussed in the next section. 

Recently Grecm, Herbert, and Subrahmanyan (98) have isolated the 
thiamin nucleoprotcin. It contains 0.46 per cent of diphosphothiamin and 
0.13 per cent of magnesium. In high salt concentrations carboxylase is a 
firmly bound conjugated protein, whereas in dilute salt solutions or in 
alkaline ammonium sulfate solutions it dissociates into protein, diphospho- 

Later discoveries of Lipmann (175) show that phosphate and not water creates 
the rcductans proper (see section V). 
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thiamin, and magnesium. It is a fairly generally accepted view that the 
phosphate or pyrophosphate and the amino groups in nucleotides repre- 
sent the stnictures which link the coenzymes to the specific protein. This 
view was originally based upon the observations of Kuhn and collaborators 
(154), who found that the specific protein of the yellow enzyme can act 
not only with the flavin phosphate but also with the unphosphorylated 
flavin. In the last case, however, a much larger amount of protein had 
to be used in order to get the same activity as with flavin phosphate. 
This difference in activity was explained as being due to the difference in 
binding groups. Flavin is bound to the protein by one group, the amino 
group ; flavin phosphate is bound by two groups, the amino group and the 
phosphate group.^*^ 

The inhibition of certain dehydrogenases by phosphate has been ex- 
plained as a competition between the phosphate of the active nucleotide 
and inorganic phosphate. The phosphate concentrations which inhibit 
these dehydrogenases are, however, rather large. Some recent experi- 
ments by Buchmann and Heegaard (32) are of considerable interest for 
this problem. These investigators worked with thiamin pyrophosphate 
(cocarboxylase) and the specific enzyme protein. The activation of the 
enzyme protein by cocarboxylase was strongly inhibited by very small 
amounts of thiazolc pyrophosphate but not at all by free thiazole. The 
same investigators (112) have also been able to give evidence for the 
hypothesis that amino groups play an essential r61e in linking coenzymes 
to enzyme proteins. They showed that the activation of the carboxylase 
protein by cocarboxylase is inhibited strongly even by minute amounts 
(I67 per cubic centimeter) of the aminopyrimidinc which is a constituent 
of the cocarboxylase. The corresponding deaminated pyrimidine (hy- 
droxypyrimidinc) exerts even in large amounts no inhibitory effect on the 
reaction between cocarboxylase and the carboxylase protein. 

Green et al. (98) are of the opinion that magnesium, which they find as 
a constituent of thiamin nucleoprotein (carboxylase), plays a rdle in linking 
the nucleotide to the specific protein. 

The r61e of the quaternary nitrogen in thiamin 

Lipmann, besides studying the enzymatic pyruvic acid oxidation, made 
an attempt to clarify the nature of the thiamin action in the oxidation of 
P3anvic acid. It is known that pyridine and thiezole are very closely 
related compounds, displaying the same physical properties. This, in 
connection with the above mentioned resemblance of the pyruvate oxida- 

Recent experiments by Warburg and Christian (299) demonstrate clearly the 
r61e of phosphate esterified to alcohol groups : S-phosphotriose needs 1000 times less 
protein catalyst than free triose in order to be oxidized to glyceric acid. 
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tion to trios(‘ phosphate oxidation, led Lipmann to the assumption that 
th(* (quaternary nitrogen in thiamin, as in the pyridinium compounds, 
accepts hydrogen! from pyruvic acid and transfers it to the alloxazine sys- 
t(jm. Lipmann (172, 178) was actually able to reduce the quaternary 
nitrog(jn in thiamin and thiazole derivatives by hydrosulfite but the re- 
duced product could not he rcoxidized, presumably because of a secondary 
cleavage reaction (cf. 70). Later attempts (14, 264) to demonstrate a 
reversible oxidoreduction of thiamin have only established Lipmann’s find- 
ings but have not provided further contributions to this theory. 

D. The rdle of specific proteins in the formation of semiquinones 

A gradual reduction of pyridine, thiamin, and flavin nucleotides with 
sodium hydrosulfite (Na 2 S 204 ) always yields intermediate, strongly 
colored products. These colored products, which again disappear when 
the reduction is complete, are supposed to be semiquinones (211, 212, 172). 

Michaelis and collaborators (212) have demonstrated that one-step 
reduction, i.e., an uptake of only one electron, yielding a free radical, 
actually takes place for quite a number of dyes. The best possibilities 
for an accumulation of semiquinones, i.e., stabilization of a free radical, 
are in case the molecule involved has a symmetrical configuration, as, for 
instance, the ion: 



A structure having one electron resonating between two equivalent 
structures represents a close analogy to the so-called three-electron bond 
(Pauling (240)). Since the quinones are ionized in strong alkali, the 
chances for an accumulation of the free radical are best in alkaline re- 
actions. 

The corresponding nitrogen compounds are able to accumulate free 
radicals at very acid pH values only; this is also the case with the al- 
loxazines. 

Haas (101) in Warburg's laboratory has made the important observa- 
tion that when the alloxazine nucleoprotein is reduced at 0®C. by reduced 
triphosphopyridine nucleotide, a transitory intermediate red product is 
formed. This red compound has the saifle absorption spectrum as the 
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red radical that appears when free flavin is reduced by hydrosulfite at a 
pH less than 0. Thus the combination with the specific protein in neutral 
solutions seems to have the same effect as has a strong acid, displacing 
the equilibrium in favor of the radical.^ 

Michaelis is of the opinion that such a displacement of the equilibrium 
in favor of the radical might be one of the most essential actions of the 
catalytically active proteins of redox nucleotides (214, page 6) : 

The following general principle may be postulated: In most organic compounds 
an oxidation of any valence-saturated compound to another such compound on a 
higher level of oxidation is a bivalent oxidation. The inertia of organic compounds 
toward oxidizing agents is due to the fact that the oxidation can proceed at a measur- 
able speed only in two succesive univalent steps and consequently only if the inter- 
mediate radical can be formed. If the normal potential of the first step of oxidation 
is much higher than that of the second step the amount of the radical formed may be 
extremely slight and its concentration may be the limiting factor for the speed of 
oxidation. In many organic compounds this situation leads to a practical lack of 
reactivity at ordinary temperatures in absence of a catalyst. The r61e of an enzyme, 
then, is to displace the equilibria concerned in favor of the radical. A possible 
demonstration of this is Haas’ experiment cited above: the combination with a 
specific protein and a coenzyme displaces the equilibrium in favor of the radical. . . . 

Warburg expresses his opinion of the action of the specific protein in 
somewhat the same direction: 

Warum das Eiweiss so wirkt, ist heute das Problem der Fermentchemie. Zwei 
Griinde lassen sich zur Zeit anfuhren: 

1. Wenn das Alloxazin an das Eiweiss gebunden wird, so wandert das Absorp- 
tionspektrum der Wirkungsgruppe um 20 mjx nach rot, was bedeutet, dass die Akti- 
vierungsenergie des Alloxazins durch die Bindung an das Eiweiss kleiner, die Reak- 
tionsffihigkeit des Farbstoffes also grosser wird. 

2. In Losungen von Alloxazinproteid und Pyridin-Nucleotid tritt unter gewissen 
Bedingungen eine Farbe auf, die nur von einer Verbindung der beiden Substanzen 
herrlihren kann. Wahrscheinlich also sind die Reaktionen zwischen Alloxazin und 
hy drier ten P 3 rridin innermolekulare Proteid-Reaktionen. Dann versteht man 
sofort, warum die nicht an Eiweiss gebundenen Flavin mit den hydrierten Pyridin- 
Nucleotiden nicht reagieren.” 

Both statements indicate that the task of the redox enzymes may be 
to decrease the extraordinarily high instability of the semiquinones of 
ordinary metabolites, thereby increasing the concentration of the proper 
reactive product. The electron acceptors, double bonds, seem to be inde- 
pendent of catalysts because they possess a certain degree of unsaturation, 

Pauling and Coryell (241) have found that hemoglobin contains four unpaired 
electrons per heme; oxyhemoglobin and carbon monoxide hemoglobin, however, 
contain no unpaired electrons. The oxygen molecule with two unpaired electrons 
in the free state accordingly undergoes a profound change in electronic structure 
on attichment to hemoglobin. 
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exhibiting paramagnetic properties (166). That much can be said today 
about the nature of specific protein catalysis in biological oxidation- 
reduction. 

E. The fumaric add system 

Szent-Gyorgyi and collaborators (270) have shown that the dicarboxylic 
acids, succinic fumaric acid and malic-oxaloacetic acid, when added to 
tisHiKi systems in minute amounts (0.1 to 0.2 mg.) increase the oxygen 
uptake ; the? extra respiration exceeds several times the amount of oxygen 
necessary for a complete combustion of the small amount of dicarboxylic 
acids add(*d. Szcnt-Gyorgyi therefore assumes that the dicarboxylic acids 
act as a hydrogen-transfer system like the nucleotides just mentioned. 
According to the potentials the malic acid-oxaloacetic acid system should 
work between the pyridine and the alloxazine system, and the succinic 
acid-fumaric acid system between alloxazine and cytochrome. Laki 
(158) showed that reactions of this kind actually take place. 

Several metabolites seem, however, to be oxidized with the two nucleo- 
tides and the cytochrome system as the only hydrogen-transfer systems 
(279, 54). On the other hand, Annau and Erdos (4) showed that oxida- 
tion of pynivic acid to acetic acid requires minute amounts of succinic 
acid (c/. also 8), and Colowick, Welch, and Cori (40) have recently demon- 
strated the importance of the succinic acid-fumaric acid system for the 
phosphorylation of glucose in kidney extracts. 

Thunberg (281), Krebs (151), and others assume that the fumaric acid 
system acts as carrier of acetic acid in the oxidation of this substance. 
An oxidative dimerization of two molecules of acetic acid gives succinic 
acid^’^ (Thunberg): 


COOH 

1 

COOH 

;h|ch, 

1 

CH, 

1 + — 

1 + 2H+ + 2e 

IH'CH* 

CH, 

■ 1 

COOH 

1 

COOH 

2 Acetic acid — 

— > 1 Succinic acid 


The succinic acid then is oxidized to oxaloacetic acid and this substance 
is spontaneously decarboxylated to pyruvic acid, which when oxidized 
again gives acetic acid. 

If a molecule of acetic acid is oxidatively condensed with malic acid, 
citric acid is formed. 

C/. the oxidative dimerization of — SH compounds to S — S compounds. 
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COOH COOH 

Hodlii H + Hj CHiCOOH ► HoicH,COOH + 2H+ + 2t 

in, in, 

iooH iooH 

Malic acid Acetic acid Citric acid 

Simola (258, 125) recently demonstrated a very considerable formation 
of citric acid from pyruvic acid and malic acid, a formation which very 
likely corresponds to the oxidative condensation of acelic acid and malic 
acid. The oxidation of acetic acid and malic acid to citric acid is presum- 
ably of importance for the formation of glutamic acid (c/. section VII). 

F, Cytochrome and pheohemin 

In 1925 Keilin (126) discovered some hemins which in the reduced form 
exhibit typical spectral lines. Such cell hemins were observed fifty years 
ago by McMunn but no attention was paid to his findings. Keilin, 
analyzing the cytochrome spectrum, came to the conclusion that three 
different cytochromes exist, which he called a, 5, and c. 

In 1936 Theorell (278) isolated cytochrome c as a pure substance. Cyto- 
chrome c is a hemin in combination with a basic protein. Recently Keilin 
and Hartrec (127) described a very simple method for obtaining pure 
cytochrome c from heart muscle. The minced and washed heart muscle 
is treated with dilute trichloroacetic acid. A large amount of cytochrome 
c is liberated and can be precipitated at pH 3.5. By this method Keilin 
and Hartree were able to obtain the enormous yield of 1.5 g. of pure cyto- 
chrome c per kilogram of heart muscle. 

Succinic acid seems to react directly with cytochrome c (273, 232). 
Theorell (279) showed that the reduced alloxazine nucleotide reacts directly 
with cytochrome c, giving alloxazine and reduced cytochrome c (cf. Haas 
et al, (1940)). This latter product cannot be oxidized directly by oxygen 
but only through Warburg^*s pheohemin enzyme (c>"tochrome oxidase; 
“Atmungsferment’O- According to Ball (6), cytochrome h has the lowest 
potential and cytochrome o has the highest potential.^® 

G. The hemin catalysis 

The hemin (iron porphyrin) catalysis was predicted by Warburg in 
1923 (290) on the basis of some model experiments. Later Warburg 
demonstrated the occurrence of a hemin compound in yeast cells. This 
hemin compound is involved in the transfer of electrons from C3d;Ochrome 

‘•.The potentials are as follows: cytochrome a, -|-290 millivolts; cytochrome c, 
-1-270 millivolts; cytochrome h, — 40 millivolts. 
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to oxyg(^n, Th(' reaction with ox^'^gen is strongly inhibited by carbon mon- 
oxide, which combines with the reduced enzyme (Fe^^), and by cyanide, 
wlii(*h combines with the oxidized enzyme (Fe+++). The carbon monox- 
ide enzyme compound is split photochemically by certain wave lengths 
and hence is again available for oxygen. Following this principle War- 
burg obtained a detailed action-spectrum. This indirect spectrum was 
compared with th(' dirc'ct spectra of a number of different hemins. War- 
burg (291) identified the “oxygen-activating enzyme” as a pheohemin 
whicli with regard to its spectrum is an intermediate between red and 
green hemins. Keilin\s so-(;alied cytochrome 03 (128) is perhaps identical 
witli the oxygen-activating enzyme. 

Th(‘ importance of other heavy metals besides iron has been demon- 
strated in recent years. Kubowitz (152, 153) purified an enzyme which 
oxidizes polyphenols to quinones and showed that it is a copper protein. 
He furthermore showed, by the following ingenious arrangement, that 
copper ion is the prosthetic group of this enzyme: The copper enzyme 
was dialyzed against a dilute solution of cyanide which trapped the copper; 
the enzyme inactivated b}'^ this procedure was immediately reactivated by 
small amounts of copper ions. 

Kcilin and collaborators purified other polyphenoloxidases and identified 
them as (;opper proteins. In a recent paper Kcilin and Mann (129) have 
made the interesting discovery that ascorbic acid, which is an aliphatic 
dicnol, is oxidized by polyphenoloxidases provided a trace (0.1 mg. per cubic 
centimeter) of catechol is added. Szent-Gyorgyi and collaborators (274) 
have recently discovered an enzyme which catalyzes the oxidation of 
dihydroxymaleic acid, which is a typical dicnol. Swedin and Theorell 
(268) have purified this enzyme to a considerable degree; the enzyme seems 
to be a kind of peroxidase (c/. 267a, 268). The enzyme seems also to be a 
heavy-metal protein compound. Szeiit-Gyorgyi is of the opinion that 
all dienols or diphenols form heavy-metal complexes, a suggestion which 
he was able to support in model experiments. A large number of dienols 
and diphenols actually form deeply colored iron complexes in water 
solution. 

The heavy metals act presumably in all cases as electron-transfer 
systems, alternating between the ferro and ferri or cupro and cupri states. 

The brilliant studies of Keilin and Mann (1940), showing that carbo- 
anhydrase is a zinc protein, should be mentioned here, although this sub- 
ject is beyond the scope of this review. 

H. The Pasiefiir reaction 

The Halation between fermentation and respiration can be illustrated as 
follows: 

^ alloxazine system — ^ heavy-metal system — > oxygen 
sugar — > pyridine^ 

system pyruvic acid 
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The alloxazine group of a yellow enzyme and the pyruvic acid compete 
for the reduced pyridine group; if oxygen is available, the alloxazine is kept 
in the oxidized form and will therefore be the strongest hydrogen acceptor. 
In the absence of oxygen (anerobic conditions), the alloxazine will be com- 
pletely reduced very rapidly and the pyruvic acid formed will be the only 
hydrogen acceptor. This picture might serve as a simplified interpreta- 
tion of the old phenomenon first observed by Pasteur (the so-called Pasteur 
effect), that in the presence of oxygen fermentation disappears or is de- 
pressed. The support for the hypothesis illustrated here is the observa- 
tion of Lipmann (170) that the addition of large amounts of a very positive 
dye is able to regenerate the Pasteur effect in a system where this effect 
has disappeared.^* 

I wish, however, to point out that for several systems the illustration 
of respiration as a transfer of electrons through nucleotides and iron 
porphyrins is too simple. 

As mentioned before in this review, small traces of succinic acid are 
necessary for the oxidation of pymvic acid and glucose in animal tissue. 
Whether the succinic acid-fumaric acid system is interposed as an electron- 
transfer system between the alloxazine and iron porphyrin systems, as 
claimed by Szent-Gyorgyi, or whether it acts in another manner is a 
problem of great interest, also for the discussion of the Pasteur effect. 

Tumor tissue (289), damaged tissue (289), and some tissue cultures 
(169) exhibit, in spite of a high respiration, a considerable aerobic 
glycolysis. 

Colowick, Kalckar, and Cori (39) observed an aerobic glycolysis in 
kidney extract. The aerobic glycolysis (from glucose) disappears under 
anaerobic conditions, since glucose is not phosphorylated under these 
conditions. This aerobic “extract glycolysis” from glucose is probably 
due to an overproduction of hexose diphosphate (see section V), which by 
the action of glycolytic enzymes is converted into lactic acid. The authors 
discuss the possibility that the aerobic glycolysis in damaged cells is 
attributed to a too one-sided application of the oxidative energy on 
glucose phosphorylation which, in the presence of glycolytic enzymes, 
leads to lactic acid formation. 

V. THE SIGNIFICANCE OF PHOSPHORYLATION IN OXIDATION-REDUCTION 

A, The transfer of phosphate 

As pointed out in section IV, alcoholic and lactic acid fermentation can 
be described as a hydrogen transfer by “pyridine” from an aldotriose to 
the carbonyl group of acetaldehyde or pymvic acid. One complication, 
however, has so far not been mentioned in this review (except in the equa- 

Michaelis and Smythe (213) are of the opinion that the dyes inhibit primarily 
the phosphorylation of glucose, particularly the formation of hexose diphosphate. 
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tion of the dismiitation of triose phosphate), that is, the problem dealing 
with the active form of the hydrogen donor. Whereas the h 3 ’'drogen ac- 
ceptor simpl}^ is acetaldehyde or pyruvic acid, the hydrogen donor in 
several cases is a much more complex system, the nature of which has not 
been revealed until recently; in fermentations the hydrogen donor is not 
triose but a jihosphorylated triose. 

The importance of j)hosphate for the alcoholic fermentation was dis- 
covered ill 1905 by Harden and Young (108, 109). These investigators 
proved that in cell-free fermentation of glucose (yeast juice), inorganic 
phosphate disappeared by an esterification with glucose; the accumulated 
cister was hexose-1 ,6-diphosphate. Moreover, they observed a close rela- 
tionship between the phosphate csterified and the amounts of carbon 
dioxide and alcohol formed. One half of the sugar utilized was split into 
carbon dioxide and alcohol and the other half was esterified to hexose 
diphosphate. I'his relation is expressed in the so-called Harden-Young 
ecjuation * 

2C-6Hi206 + 2 Na 2 HP 04 = 2CO2 + 2C2H6OH + 2H2O 

+ C6Hio04(Na2P04)2 

Later Robison (248) isolated hexose monophosphate from fermentation 
mixtures and showed it to consist of 60 per cent glucose-6-phosphate and 
40 per cent fructose-6-phosphate. Usually dried autolyzed yeast accu- 
mulates much more hexose diphosphate than hexose monophosphate during 
fermentation, but investigations by Kluyver and Struyk (138) showed that 
the ratio between these two esters can readily be changed in favor of 
hexose monophosphate by dilution, and Smythe (260) showed that the 
yield of hexose monophosphate can be raised if certain redox dyes, for 
instance, rosinduline, are added. Addition of even very small amounts 
of arsenate (10”® to 10“® mole) entirely prevents the accumulation of hexose 
diphosphate and makes the fermentation independent of the addition of 
phosphate (110). 

Meyerhof and collaborators (198) demonstrated the significance of the 
sugar phosphoric acid esters in the glycolysis in muscle tissue. Further- 
more, Meyerhof and Lohmann and Parnas and Ostern and their co workers 
have been able to demonstrate the mechanism of the phosphate transfer, 
a process w^hich is closely connected with the fermentations in yeast 
and muscle tissue. Two phosphate esters are particularly important for 
the phosphate transfer in the metabolism of muscle tissue: adenylic acid, 
isolated in 1927 by Embden and Zimmermann (67), and creatine phos- 
phate, discovered and isolated by Eggleton (62) and by Fiske and Subar- 
row (85) in 1927-29. The function of these two esters has been revealed 
by the investigations of Lohmann, Parnas and Lundsgaard, and others. 
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Adenylpyrophosphate (adenosine triphosphate) is in enzymatic equilib- 
rium with creatine according to the equation (181, 160): 

adenosine triphosphate + creatine adenosine diphosphate 

+ creatine phosphate 

Since the equilibrium constant is not far from 1, the free-energy change 
involved in this reaction is very small. 

According to Euler and Adler (72) and to Ostern (233), the adenosine 
triphosphate is able to transfer one or two of its phosphate groups to sugar 
or to hexose monophosphate: 

adenosine triphosphate + hexose monophosphate adenosine 

diphosphate + hexose diphosphate 

These processes cannot be reversed experimentally and give rise to a 
considerable liberation of free energy. 

Furthermore, 2 moles of inorganic phosphate can be liberated from 
adenylpyrophosphate by an enzyme, adenylpyrophosphatasc (117). For 
every mole of orthophosphate liberated from adenylpyrophosphate, 11,000 
calorics arc set free as heat (AH) (198). Creatine phosphate is dephos- 
phorylatcd only through the adenosine phosphate system, which can be 
considered as a phosphate-transfer system, since a minute amount of this 
nucleotide is able to dephosphorylatc a large amount of creatine phosphate. 

Adenosine triphosphate and creatine phosphate act exclusively as 
phosphate donors. Adenosine diphosphate can act both as phosphate 
donor and phosphate acceptor. Adenosine monophosphate (adenylic 
acid), hexose, and hexose monophosphate act as phosphate acceptors.*® 
Adenosine monophosphate or diphosphate can be phosphorylated to 
triphosphate, not only by creatine phosphate but also by products formed 
in the fermentation of sugar. These phosphate donors, — phosphoglyceryl 
phosphate, phospho(enolic) pyruvate, and acetyl phosphate, — will be de- 
scribed in this section. 

The classical work of Neuberg (224, 225) has been of very great impor- 
tance for our understanding of fermentations as oxidation-reductions. 
The modern concept of the fermentation of phosphorylated sugars, how- 
ever, was created by Embden and collaborators in 1933 (65) and developed 
by Meyerhof and co workers (199). Owing to these brilliant investigations, 
every single step in the chain of reactions has been demonstrated and every 
single intermediate product has been isolated and identified. A further 
proof that the phosphate esters isolated are of physiological importance is 
the great rapidity with which these esters are converted into lactic acid 

Ostern etaL (234) have shown that in yeast systems adenosine (adenine-pentose) 
can be phosphorylated to the three different phosphorylation steps. 
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or into alcohol and carbon dioxide when small amounts of the right hydro- 
gen and phosphate^ accciptors are present. 

The m(‘chani.sm of phosphate transfer connected with the fermentation 
has !)(‘en clean'd up by investigations of the Lemberg (23a) and the Cam- 
bridge* schools (218). In a description of the Embden- Meyerhof scheme 
of fermentation it seems advisable to distinguish between three main 
phase's: (1) ITeparation of the actual hydrogen donor (^^active sugar^^), 
i.e., phosphorylation; (2) the oxidoreduction process proper; and (S) the 
regeneration of the hydrogen acceptor, i.e., anhydride formation and 
dephosphorylation . 

1, Phosphorylahon of sugars. In yeast, glucose (or fructose) is phos- 
phorylated by adenosine triphosphate to hexose-6-phosphate and hexose- 
1 ,6-diphosphate (fructose diphosphate). In muscle tissue or tissue ex- 
tracts, glycogen or starch is phosphorylated,^^ but heie also hexose diphos- 
phate is formed. The hexose diphosphate then undergoes a cleavage^^ 
by a reversible enzymatic reaction into two molecules of trioscj phosphate 
esters : 


CHaOP^OH 

(Uo 

I 

CHOH 

l\ 

CHOH! 

I 

CHOH o 
injOP— OH 
^OH 


Ketohexose (fructose) 


O 

CHjOP^H 
^OH 


c=o 


CHjOH 

Ketotriose 

+ jr 

,0 

C— H 


CHOH 0 
HjOP^OH 
^OH 
Aldotriose 


A: 


The enzyme which catalyzes this cleavage (or the reverse, the so-called 
aldol condensation) occurs in all tissues. This enzyme was called aldolase 
by Meyerhof and Lohmann (202, 203). The aldo-ester can be converted 
into the keto-ester or vice versa by a specific enzyme (isomerase). 

2. The oxidoreduction. Until recently phosphoglyceraldehydc hydrate 


The initial steps will be described in a later section. 

** Cf. the cleavage of rhamnose by some bacteria into propylene aldehyde and 
glyceraldehyde. The propylene aldehyde is immediately reduced to propylene 
glycol (137). 
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has been considered as the hydrogen donor proper, i.e,, the substance which 
is dehydrogenated by the pyridine nucleotide; the latter then transfers 
the hydrogen to the carbonyl group of pyruvic acid or acetaldehyde. The 
end products of this oxidoreduction are phosphoglyceric acid and lactic 
acid or ethyl alcohol. This oxidoreduction, however, is not as simple as 
the scheme pictured in section III. Investigations from Needham’s, 
Warburg’s, and Meyerhof’s laboratories (199) showed that simultaneously 
with the transfer of hydrogen from phosphotriose to the pyridine nucleo- 
tide, inorganic phosphate is taken up, yielding adenosine triphosphate. 
The primary acceptor of the inorganic phosphate was not known at that 
time, but it was shown that inorganic phosphate and adenosine diphosphate 
ai*e necesary components in the oxidoreduction and that the inorganic 
phosphate is transferred to the adenosine diphosphate ^^by the energy of 
the oxido-reduction:” 


+ 

phosphoglyceraZdc%de -f- ^‘pyridine” -f- adenosine c/zphosphate 
4- phosphate phosphoglyceric acid 
+ “dihydro pyridine” -f adenosine triphosphate 


The reversibility of this process will be referred to later in this review. 
The coupling between the hydrogen and the phosphate transfer in this 
system is compulsory. However, in the presence of even very small 
amounts of arsenate (10“^ mole) the oxidoreduction proceeds without 
uptake of phosphate; no uptake of arsenate was detectable. 

No phosphorylation has been observed in connection with the transfer 
of hydrogen from “dihydropyridine” to the carbonyl groups of pyruvic 
acid or of acetaldehyde (206). 

3. The regeneration of the hydrogen acceptor. Several steps are necessary 
for this regeneration: anhydride formation, dephosphorylation, de- 
enolization, and (in the alcoholic fermentation) decarboxylation (225). 
Meyerhof and Lohmann have demonstrated every single step ; all the steps 
are catalyzed by specific enzymes and most of the step reactions have 
been shown to be reversible. The oxidation product of triose phosphate, 
3-phosphoglyceric acid, is converted by a reversible enzyme reaction into 
the 2-phosphogly ceric acid, in which the phosphate group is esterified to 
the hydroxyl group of the middle carbon atom. The 2-phosphoglyceric 
acid undergoes a dehydration yielding phospho(enolic) pyruvic acid: 


HjC— O— P^H 

nioH 

'■(iooH 

3-Phosphoglycerate 


•CH,OH Q CH, o 

ni— O— P^H — ^ Jj— O— P^H 

■COOH ^ ’ ‘IdOOH 

2-Phosphoglycerate Phospho(enolic)- 

pyxuvate 
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T1]C phosphopyruvic acid has all the properties of an enolic ester (vinyl 
ester); i.e., it is hydrolyzed by small amounts of mercuric salts and by 
hypoiodite (183). 

The phosphopyruvic acid is dephosphorylated by adenosine monophos- 
phate or diphosphate (238), yielding free piynivic acid, mainly in the keto- 
form (carbonyl) and adenosine triphosphate: 

2 phospho (enolic) pyruvic acid + adenosine monophosphate 

— > 2 pyruvic acid + adenosine triphosphate 

This reaction has so far not been demonstrated to be reversible. The ability 
of phospho (enolic) pyruvic acid to form pyrophosphate linkages must be 
ascribed to the simultaneous shift from an enolic to a keto structure: 




CH: 


2 i 


O— H 


H 


I 1 / 

CHa 1 i 


O— H 

ri_ 

H I 


(a) Conversion of 
enol-pyruvate 
to keto-py- 
ruvate; — AF 
large. 


(b) Conversion of 
phospho(enolic)- 
pyruvate to ke- 
topyruvate + 
phosphate; — AF 
large. 


u 


C— O-I-P^OH 


OH O 


0 - 

H 


-P— 0— 

I 

OH 


(c) Formation of pyro- 
phosphate linkage 
from phospho (enolic)- 
pyruvate; AF small. 


B. I' he nature of the compulsory coupling between oxidoreduction and 
phosphorylation 

The most complex step in the glycolysis is the oxidoreduction between 
triose phosphate and pyridine nucleotide, because this step requires the 
uptake of inorganic phosphate and the presence of adenosine diphosphate 
as an acceptor of this inorganic phosphate. The nature of this compulsory 
coupling between triose phosphate oxidation and phosphate uptake 
have remained completely obscure. 

Recently, investigations from Warburg^s laboratory (220, 299) have 
revealed the nature of the compulsory coupling between oxidoreduction 
and phosphorylation. Since these discoveries are most fundamental and 
of the greatest consequence for our understanding of energetic couplings, 
much attention will be paid to them in this review. 

In 1939 Warburg and Christian (299) succeeded in the complete separa- 
tion of different enzymes involved in the oxidoreduction of alcoholic 
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fermentation. This very high purification and separation of enzymes 
enabled Negelein and Bromel to observe and isolate a very important and 
interesting new ester, 1 ,3-diphosphoglyceric acid. 

The following reversible reaction is supposed to take place: 

glyceraldehyde-3-phosphate + phosphate 

glyceraldehyde-1 ,3-diphosphate 

The new phosphate is linked to the aldehyde groups® and the formula 
is as follows 


H- 


-C-O— P^H 


nioH 

J 

H,C— O- 


^OH 
0 

-P^H 

^OH 


i.c., the aldehyde phosphate replaces an aldehyde hydrate group. This 
diphosphotriose has never been isolated. If a small amount of Warburg 
and Christian’s new crystalline enzyme is added to a solution of pyridine 
nucleotide and diphosphotriose, a rapid transfer of hydrogen from the 
triose to the ‘^pyridine” takes place. The end products of this reaction 
are dihydropyridine nucleotide and diphosphoglyceric acid, which was 
isolated as the strychnine salt. The crystalline enzyme which catalyzes 
this oxidation is very active even in very small concentrations (O.87 per 
cubic centimeter). 

The oxidoreduction between diphosphotriose and pyridine is reversible: 

1 .3- diphosphoglyceraldehyde + ‘‘pyridine” 

1 ,3-diphosphoglyceric acid + “dihydropyridine” 

This is the oxidoreduction proper which is independent of inorganic 
phosphate and adenylic acid. 

The aldehyde phosphate group of the diphosphotriose apparently repre- 
sents the “active” sugar, since Warburg and Christian find that besides 

1.3- diphosphotriose the 1-phosphotriose also is oxidized by the pyridine 
enzyme, although not nearly so rapidly; the well-known 3-pho8photriose 
is not oxidized. 


*• Apparently non-enzymatic as, for instance, the carbonyl sulfite reaction (c/. 
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The 1,3-diphosphoglyceric acid apparently has the following formula 
(X(jgelein and Hromel): 

C-~0~P:^H 


CHOH 


0 

H2C— O— P^OH 


The phosphate group linked to the carboxyl group is labile, although 
no enzyme seems to catalyze the liberation of phosphate (mineralization) 
from this carboxyl phosphate. Just like phospho(enolic) pyruvic acid and 
creatine phosphate, the phosphate of the carboxyl phosphate is transferred 
to adenosine monophosphate or diphosphate by a specific enzyme. 
Whether the phosphate of the ‘^glyceryl phosphate first has to pass the 
pyridine nucleotide or dihydropyridine nucleotide before entering the 
adenine nucleotide is not known, but the pyridine nucleotide is definitely 
not involved in the primary uptake of inorganic phosphate. Addition of 
arsenate abolishes the compulsory coupling between oxidoreduction and 
phosphorylation . 

Warburg suggests a series of step reactions. In the presence of arsenate 
the reactions are as follows: 

3-pho8photriose + arsenate l-arseno-S-phosphotriose 
l-*arseno-3~phosphotriose + ‘‘pyridine^^ 

l-arseno-3-phosphoglyceric acid + “dihydropyridine’’ 


l-arseno-3-phosphogly ceric acid arsenate + 3-phosphoglyceric acid 


The last equation expresses the fact that the arsenate is liberated from 
carboxyl arsenate spontaneously and rapidly enough to replace phosphate 
in the oxidoreduction. 

In case phosphate is taken up, the corresponding reactions are: 

3-phosphotriose + phosphate 1 ,3-pho8photriose (a) 

1,3-diphosphotriose + “p3mdine” ;::± 

1,3-diphosphoglyceric acid + ‘‘dihydropyridine” (b) 


1,3-diphosphoglyceric acid + adenosine diphosphate 

3-phosphoglyceric acid + adenosine triphosphate (c) 


adenosine triphosphate 


inorganic phosphate 
creatine phosphate 
glucose phosphate 
^ hexose diphosphate 


(d) 
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In Lebedew juice both phosphate groups contained in diphosphoglyceric 
acid are transferred via the adenine nucleotide to glucose, fructose, or 
hexose monophosphate. In living yeast one half of the phosphate is 
transferred to hexose; the other half is liberated (mineralized). The new 
Cs-diphosphates are also formed in muscle tissue ; in this system the phos- 
phates are transferred to creatine. 

The isolation of a carboxyl phosphate able to phosphorylate adenine 
nucleotides has already led to a new fundamental observation. Lipmann 
(174), working with pyruvic acid dehydrogenase from lactic acid bacteria, 
observed that the oxidation of pyruvic acid tjo carbon dioxide and acetic 
acid requires inorganic phosphate or arsenate. No phosphate uptake was 
observable by the ordinary methods. The new interpretation of the 
phosphate uptake in the alcoholic fermentation led Lipmann (176) to 
suggest a formation of acetyl phosphate as the primary product of the 
enzymatic pyruvic acid oxidation. The formation of acetyl phosphate 
from pyruvic acid could not be demonstrated at that time, but Lipmann 
prepared acetyl phosphate synthetically and showed that in the presence 
of dried lactic acid bacteria phosphate is transferred from acetyl phosphate 
to adenylic acid according to the reaction: 

2 acetyl phosphate + adenosine monophosphate — — » 

2 acetic acid — + adenosine triphosphate 

The demonstration of this reaction is very important, because it again 
illustrates an extraordinary property of carboxyl phosphate, — the ability 
to phosphorylate the adenylic acid system. More recently Lipmann (177) 
has ob.served the formation of a very labile phosphoric ester in the bacterial 
oxidation of pyruvic acid. The properties of this labile ester correspond 
actually to those of acetyl phosphate.*^ 

As mentioned before, the pyrophosphate linkages in the adenine poly- 
phosphates represent 11,000 calories (AH) which, besides carboxyl phos- 
phates, only can be derived from guanidine phosphates and from 
phospho(enolic) pyruvic acid. The free energy of ordinary phosphoric 
esters (glycerophosphate, O-phosphohexoses)^ can be calculated from rough 
estimations of equilibrium constants of hydrolysis of such esters. This 
calculation gives AF a value of about 1000 to 2000 calories. 

The free energy of the aldehydehydrate-phosphate linkages can hardly 
exceed 1000 to 2000 calories, since the phosphorylation of triose in position 
1 apparently takes place with inorganic phosphate (Warburg and Chris- 

Lipmann points out that the large liberation of energy in the hydrolysis of 
acetyl phosphate can also used to acetylate compounds, for instance, choline. 
The name ^^phosphorylacetate" indicates that the ester can function as acetate 
donor (c/. 175). 
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tian). I'his nn^aus that an oxidation of an aldehyde-phosphate group to a 
carboxyl phosphatf' represents a conversion of a phosphoric ester with a 
potential energy around 1000 calories to a phosphoric ester having a poten- 
tial energy of the order of magnitude of 10,000 calories. 

As a consequence of this great intirease in the free energy (great + AF) 
of th(' phosphate linkage's in the conversion of an aldehyde-phosphate 
into a carboxyl phosphate, the fall in free energy of the total group is 
much smaller than the corresponding free-energy decrease between free 
aldehyde (+ water) and carboxyl groups. This again means that the 
normal potential of the system 

aldehyde-phosphate — carboxyl phosphate + 2H+ + 2c 

is around 9 to 10,000 calories ( = approximately 200 millivolts) higher than 
the normal potential of the system 

aldehyde + H 2 O carboxylate~ + 3H+ + 2€ 

An increase of 200 millivolts from the potential of the free aldehyde- 
carboxyl system will give a potential very near that of the pyridine system. 
The potential of 

aldehyde + H 2 O ^ carboxylate“ + 3H“^ + 2e 

calculated from thermal data (Parks and Huffman (237), Borsook (26)) 
is 40 to 50 millivolts more negative than the hydrogen electrode, i.e., 
Eo (pH 7) = approximately —460 millivolts. This is also in agreement 
with some experiments of Green et al, (99), who found that glyceraldehyde 
in the presence of a specific enzyme (mutase) reduced benzyl viologen 
completely. 

Warburg and Christian’s recent observations show that the potential 
of the aldehyde-phosphate carboxyl phosphate system amounts to 
nearly the same as the ‘‘dihydropyridine” “pyridine” system (i.e., 
—250 to —300 millivolts). If the ratio of oxidant to reductant of the 
pyridine system is greater than 1 , which probably is the case under physio- 
logical conditions, diphosphotriose will easily be oxidized by “pyridine.” 

C, The relation between the electronic structure of 'phosphoric esters and 
their thermodynamic properties 

Large free-energy decreases of reactions, as observed, for instance, in 
the hydrolysis of pyrophosphates, guanidine phosphates, carboxyl phos- 
phates, and enolic phosphates, means that the stability of the products 
of reaction is much greater than that of the reactants. The modern physical 
and structural chemists lay stress on the phenomenon of resonance as a 
large factor in explaining the stability of molecular groupings. Molecules 
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like the giianidinium ion and carboxylate ion can be described as resonating 
between two or three symmetrical structures. 


^ NH. NH, 

H,N C H|N C C 

NH, 

Guanidinium ion 


NH, 

fiH. 



Carboxylate ion 


It is principally this resonance, stabilizing the guanidinium ion, which 
makes guanidine a base approximately 10^ times stronger than ammonia, 
and this resonance preferentially stabilizing the carboxylate ion which 
makes carboxylic acids so much stronger than alcohols in acidity. 

In general, molecular groups which have the following configuration 
exhibit high resonance: 

:X' 

Y::X 

Z 


where the two X groups are the same or are closely alike in electron- 
attracting powers. Resonance is still more pronounced if Z is the same 
as X' with an unshared pair of electrons. 

It is one of the fundamentals of thermodynamics that the maximal 
amount of free energy is liberated in a rca(;tion converting a molecular 
group of particularly low stability (or high energy) to one of particularly 
high stability (or low energy) As we have seen, the carboxylate ion, 
guanidinium ion (also ions of monosubstituted guanidines like creatine), 
etc. represent resonating structures of particularly high stability. Car- 
boxyl phosphates, guanidine phosphates, enolic phosphates, and pyro- 
phosphates share the same thermodynamic characteristic: hydrolysis of 
the phosphate ester linkage liberates much more energy (five to ten times 
more) than hydrolysis of hydroxy phosphate esters. 

The phosphatic esters which are rich in energy actually display some 
common essential features in their structural composition. In all these 
esters we find the configuration: 

O 

R— I— X— P^H 

^OH 

which can be hydrolyzed to give the configurations: 

X' O 

R— I— X and OH 
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Ester linkages of high energy are as follows: 


0 0 

II II 

R— 0— P-O— P— OH 

j I 

OH OH 

Organic pyrophosphate 

«-<! 

X)— P— OH 

^OH 

Carboxyl phosphate 


\N— P^H 
^H^OH 
Guanidino phosphate 
R 




0 


-OH 

^OH 

Enohc phosphate 


I 


Only in the last compound, enolic phosphate, does X' differ from X, a 
difference which tends to decrease the resonance contribution to the 
stability of the ester and the hydrolysis product. In this case the hy- 
drolysis product is stabilized by tautomeric shift to the more stable kcto- 
form, pyruvic acid. 

The configurations of all the phosphoric esters displaying high esteri- 
fication energy, and only these, show one important characteristic feature 
w^hich will be referred to as opposing resopance.^^ Since the phosphate 
molecule on the right exhibits resonance between the different hydroxyl 
or amino groups and the P=0 linkage and groupings on the left also exhibit 
an analogous resonance, the bridge of the ester linkage ( — 0 — or — N — ) 
is influenced by opposing resonance between the organic group (carboxylate 
ion, guanidino ion) and the phosphate group, each making demands on 
the same atom for the independent resonating systems. 


R$rg.t.^ R-to-CoH 

6 - o 

H H 

TYPE A TYPE B 


Resonance of type A therefore opposes that of type B, leading to less reso- 
nance energy for the groups combined as ester than for them when inde- 
pendent. The simultaneous elimination of two resonating structures 
makes carboxyl phosphates relatively very unstable. This instabihty of 
the ester in connection with the very high stability of the hydrolyzed 
product is responsible for the large liberation of free energy when this 

•* Personal communication from C. D. Coryell. 
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kind of phosphoric ester is hydrolyzed. The great liberation of free 
energy by the hydrolysis of acetic acid anhydride is also attributed to 
opposed resonance of this type in connection with the high resonance of 
the two carboxylate ions. Negelein and Bromel (220) have investigated 
the ultraviolet spectrum of 1 ,3-diphosphoglyceric acid and have actually 
found a bond characteristic of the spectrum of acetic acid anhydride. 
Recently Lynen (190) found the same absorption band (m/i 217) for 
synthetically prepared acetyl phosphate. The phosphoric ester linkages 
with alcohol (hydroxyl) groups or aldehyde-hydrate groups (glycerophos- 
phate, ordinary hexose phosphates, and monophosphotriosc) do not exhibit 
opposing resonance and this, together with the lack oi a resonating con- 
figuration of the free hydroxyl or aldehyde groups, will give a much 
smaller free-energy decrease upon the hydrolysis of this kind of phosphoric 
ester. 

Warburg and Christian\s separation of the enzymes involved in the 
biological oxidation of triose phosphate may also be of essential importance 
in obtaining values of the free energies of energy-rich phosphoric esters 
like carboxyl phosphate and adenylpyrophosphate. The possibilities of 
obtaining thermal data (heat of formation and heat capacity) for biologi- 
cally important phosphoric esters are very small, because of the high 
requirements in purity and amount of substance. Thermal data for the 
inorganic phosphates exist but are very few and inaccurate. Latimer (159) 
estimates the pyrophosphate as “several tenths of a volt.’^ More accurate 
thermal data of inorganic pyrophosphate would undoubtedly also be of 
interest in the study of adenylpyrophosphate. So far we know only the 
MI of the splitting of phosphate from adenylpyrophosphate. A large MF 
of such dephosphorylations makes, of course, direct equilibrium study 
impossible. These may, however, be applied to energy-poor phosphoric 
esters like carbonyl phosphates. Finally, free-energy changes can be 
measured by the potentiometric method which could, after the separation 
of all the “step enzymes^’ in the coupled oxidation of triose phosphate, be 
applied to the measurement of the free energy of some important phos- 
phoric esters. 

Assuming that the potentials of the systems of the triose phosphate 
oxidations are well defined, the following principles could be applied to 
obtain values for the free energy of the ester linkages in carboxyl phosphate 
and adenylpyrophosphate. 

For the free energy of the ester linkage in 


\ 


-C-O— P^H 
^OH 
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compare the redox potentials (AF) of the systems:*® 
glyceraldehyde-3-phosphate + phosphate 

4-2e 

phosphoglyceryl phosphate (a) 

— 2 * 

glyceraldehyde-3-phosphate + arsenate > 

phosphoglycerate* + arsenate (b) 

The difference b<‘tween the redox potentials {Eq , pH 7) in the presence of 
phosphate and in the presence of arsenate would permit a calculation of 
the free energy of the glyceryl phosphate linkage. The difference between 
the two redox potentials might very well be about 250 to 300 millivolts. 

The free energy of the pyrophosphate linkages in adenosine triphosphate 
can be obtained from the free energy of the glyceryl phosphate ester 
linkage by correcting for the AF of the enzymatic reaction: 

phosphoglyceryl phosphate — + adenosine dzphosphate 

phosphoglycerate~ + adenosine triphosphate 

This AF, which is supposed to be small, could be obtained by direct equi- 
librium de^terminations. However, the free energy of the pyrophosphate 
linkages in adenylpyrophosphate might also be obtained directly by a po- 
tentiometric method according to the following principle: Suppose the 
normal potential of the total system : 

-2e 

glyceraldehyde-3-phosphate + phosphate , 

+2e 

phosphoglyceryl phosphate — 

phosphoglyceryl phosphate — + adenosine diphosphate 

phosphoglycerate” + adenosine triphosphate 

is obtained and compared with the potential of the same system plus 
adenylpyrophosphatase (the enzyme which catalyzes dephosphorylation 
from adenosine triphosphate), giving rise to the extra reaction: 

adenosine triphosphate adenosine diphosphate + phosphate 

*• The AF of the reaction 

carbonyl -f phosphate carbonyl phosphate 

is not known, since the existence of carbonyl phosphate cannot be demonstrated by 
chemical methods. AF is probably very small (16 to 30 millivolts) and is of no im- 
portance for the present problem. Notice the appearance of a new acid equivalent 
in reaction b. 
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then the difference between the two potentials would give the AF of the 
dephosphorylation of one pyrophosphate linkage in the adenosine triphos- 
phate. Assuming that the AF of the adenylpyrophosphate dephosphoryla- 
tion is of the same order of magnitude as the AH^ i.e., approximately 
10,000 calories per mole of phosphate, then the redox potential of-the 
system which oxidizes phosphotriose to phosphoglycerate and phosphory- 
lates adenosine diphosphate to adenosine triphosphate should drop approxi- 
mately 250 millivolts when adenylphosphatase^^ is added. The theory” 
developed here is also illustrated in figure 2 of section X. 

The clarification of the coupling between the triose phosphate oxidation 
and the uptake of inorganic phosphate represents one of the greatest ad- 
vances in modern biology. The nature of the energetic coupling of living 
systems has always been wrapped in a shroud of mysterv. For the first 
time since this recent discovery of the Warburg school, a complete descrip- 
tion of a biological coupling is possible. By following this new line a 
clarification of other energetic couplings is to be expected. 

D, Coupling between respiration and phosphorylation 

A coupling between respiration and phosphorylation has been observed 
in hemolyzates of red blood corpuscles. Lennerstrand and Runnstroem 
(165) observed such a coupling in dry yeast preparations and found that 
triose phosphate was oxidized to phosphoglyceric acid. 

Furthermore, phosphorylations coupled to respiration have been ob- 
served in animal tissue. This was first shown in minced kidney cortex 
and extract from kidney cortex (119). Such a system shaken with oxygen 
shows an intensive respiration. If phosphate and glucose are present and 
fluoride is added in order to stop dephosphorylation, most or all of the 
inorganic phosphate disappears in J to 1 hr. The phosphoric ester which 
accumulates is mainly fructose-1 ,6-diphosphate. Fructose-6-phosphate 
added is phosphorylated to fructose-1 ,6-diphosphate. A new kind of es- 
terification, so far only observed in kidney cortex, is the rapid phosphoryla- 
tion of glycerol in kidney extracts; the ester formed was identified as the 
levorotatory a-glycerophosphate (123). Adenylic acid is phosphorylated 
rapidly to adenylpyrophosphate, an observation which corresponds to 
that of Engelhardt (68) and of Dische (60), made in experiments with red 
cells. The coupled phosphorylation and oxidation of fumaric or malic 
acid to phosphopyruvic acid has been mentioned and discussed in a pre- 
vious section in this review. 

All these phosphorylations depend on the rate of respiration; an inhibi- 
tion of the respiration by cyanide gives an equal decrease in the phos- 

Only that fraction of the enzyme which splits one phosphate from the adenosine 
triphosphate. Such an enzyme can very easily be obtained from lobster muscles. 
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phorylation. Phloridzin inhibits the phosphorylation much more than the 
respiration. 

Addition of 5 to 10 mg. of citric acid, glutamic acid, or another dicarbox- 
ylic acid, in some cases also alanint*, approximately doubles the respiration, 
and the increase* in pliosphorylation of sugars, glycerol, or adenylic acid 
may be even larger. 

Recent experiments of Colo wick, Welch, and Cori (40) with dialyzed 
extracts show that the coupled phosphorylation system needs the fol- 
lowing components: magnesium ion, succinic acid (about 0.1 mg. per 
cubic centimeter is sufficient), adenylic acid (M/1000 is a sufficient con- 
centration), and pyridine nucleotide (cozymase). These experiments 
showed furthermore that extracts which had been dialyzed and aged for 
24 hr. at 5°C., and therefore had oxidized succinic acid only one level to 
fumaric acid, still were able to phosphorylate glucose. Recent investi- 
gations of Belitzer and Tsibakova (18) on minced heart muscle also 

indicate that the step succinate --- > fumarate can give rise to phos- 
phorylation. 

These observations are of importance, because the succinic acid- 
fumaric acid system is quite different from the other systems known to be 
coupl(‘d with phosphorylations. The succinic acid oxidation is a desatura- 
tion, like the oxidation of saturated fatty a(;ids. llow^ the phosphate can 
enter such a syst(*ra is not yet understood ; perhaps an uptake of phosphate 
during the oxidation yields phosphomalic acid instead of fumaric acid. 

Succinic acid dehydrogenase from kidney seems, however, not to be 
dependent on phosphate, since an intensive oxidation occurs even at 
very low phosphate concentrations (M/3000). Whether the succinic acid 
is oxidized directly by cytochrome c or whether the dehydrogenase pos- 
sesses a prosthetic group (for instance, a flavin nucleotide) is so far an 
unsolved problem. The normal potential of the succinate-fumarate sys- 
tem, Eo (pH 7), is approximately 0; the normal potential of cytochrome 
c is +270. This great potential difference between the two systems is 
probably of importance for the ability of the succinate oxidation to cause 
phosphorylation. 

Furthermore, Colowick, Welch, and Cori (41) observed that if glucose 
is added to an extract (in the absence of fluoride) it is not oxidized; how- 
ever, in the presence of 0.2 mg. of succinic acid a very intense oxidation 
takes place. This observation corresponds to that of Annau and Erdos (4) 
and of Banga, Ochoa, and Peters (8) that pyruvic acid only is oxidized in 
the presence of succinic acid. 

Recent experiments by Colowick, Kalckar, and Cori (39) show a quanti- 
tative relation between the combustion of glucose (complete oxidation to 
carbon dioxide) and phosphorylation. Cell-free, dialyzed extracts of heart 
muscle are occasionally able to oxidize glucose completely. For every 
mole of glucose oxidized to carbon dioxide, an additional 5 to 6 moles of 



ENERGETIC COUPLING IN BIOLOGICAL SYNTHESES 


133 


glucose disappear, 5 moles of which are accumulated as fructose diphos- 
phate. These quantitative relationships indicate strongly that at least 
ten, if not all twelve, steps in the glucose combustion can give rise to 
phosphate uptake. 

Experiments with kidney and heart extracts show that the oxidation of 
citric acid and glutamic acid can give considerably more phosphorylation 
than oxidation of succinate. 

In some experiments with heart extract, the oxidation of pyruvate (but 
not of succinate) gave remarkably high yields of phosphorylation. Per 
millimole of oxygen consumed, 4 millimoles of phosphate were taken up. 
Belitzer and Tsibakova and Ochoa have observed just as high ratios of 
P/O 2 or even higher, and these authors also point out that the high ratio 
P/O 2 may be explained by an additional uptake of phosphate when the 
hydrogen passes from one hydrogen-transfer system to another Belitzer 
and Tsibakova’s experiments exclude any anaerobic dismutations as a 
source of phosphorylation. The assumption that a transfer of hydrogen 
from one transfer system to the next (for instance, from the pyridine to 
the alloxazine nucleotide) is able to provide energy for phosphorylations 
deserves attention. There is no reason to assume that the step metabolite 
— > “pyridine^^ (or ‘^thiamine”) is the only step in the long chain of hydrogen 
transfer which can provide energy for phosphorylations. 

The large accumulation of hexose diphosphate in heart extracts, even in 
the absence of fluoride, when glucose or pyruvate are oxidized is pre- 
sumably attributed to the lack of phosphatases. 

This accumulation of hexose diphosphate in cell-free heart muscle ex- 
tracts which burn glucose is actually the analog to the Harden-Young 
reaction in cell-free yeast juice. Hexose diphosphate also is accumulated 
in kidney extracts, which oxidizes glucose and pyruvate to carbon dioxide. 
The accumulation is, however, much smaller than in heart extracts and 
the main part of the glucose which disappears in addition to the com- 
bustion is 'converted into lactic acid. The lactic acid formation is not able 
to phosphorylate extra glucose. 

The lactic acid formation from glucose in kidney extracts is therefore, at 
least in most cases, an exclusively aerobic phenomenon. The ratio moles 
of glucose utilized/moles of glucose oxidized is frequently much less than 6, 
presumably because kidney extracts contain large amounts of adenyl- 
pyrophosphatase. 

In the living cell this ratio is also much smaller than 6, since only a 
small fraction of the phosphate taken up in the oxidation of metabolites 
needs to be transferred to glucose^ for the autocatalysis of the respiration ; 
the main part is presumably connected with the specific cellular structures. 

Since the hexokinase was separated from a conyersion ensyme, i.e., the ensyme 
which catalyzes the conversion of l-phosphoglucose to 6-pho8pboglucose (see section 
VIII), the primary sugar ester formed is B-phosphoglucose. 
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The formation of hexose diphosphate or of ordinary hexose monophos- 
phate (G-phosphoglucose) from adenylpyrophosphate (polyphosphorylated 
by oxidation) and glucose or fructose represents a considerable fall in free 
energy, since a pyrophosphate linkage contains more than 10,000 calories, 
whereas alcohol-phosphate linkages represent hardly more than 1000 
calories. It is likely, however, that in the living cell the energy of the 
pyrophosphate is utilized to a much greater extent. 1-Phosphoglucose 
(Cori ester, cf. section VIII, D), the precursor of polysaccharides, is 
probably fonned from adenylpyrophosphate. 

The yeast enzyme, hexokinase, which was discovered by Meyerhof in 
1927, catalyzes the transfer of phosphate from adenylpyrophosphate to 
glucose or fructose. This enzyme system has recently been studied by 
the author in collaboration with Colowick (Colowick and Kalckar, 1940- 
41; experiments to be published). 

These studies show that the enzyme (kept as an ammonium sulfate 
precipitate) in the presence of magnesium ions, adenosine triphosphate, 
and hexoses (glucose or fructose), catalyzes the reaction: 

adenosine triphosphate + hexose — > adenosine diphosphate 

+ 6-phosphoglucose®® 

The reaction, which proceeds with considerable rapidity, can be followed 
not only by chemical methods but also manometrically, since one acid 
equivalent is liberated when an alcohol phosphate replaces a pyrophos- 
phate. In this system only one pyrophosphate linkage is split; however, 
the remaining pyrophosphate is utilized (for hexose phosphorylation) if a 
heat-stable protein isolated from muscle tissue is added to the enzyme 
system. In the presence of hexokinase, magnesium ions, and the heat- 
stable protein, adenosine diphosphate is able to react with hexose according 
to the equation: 

adenosine diphosphate + hexose — > adenylic acid + 6-phosphoglucose 

The heat-stable protein which, in addition to the yeast enzyme, is 
necessary for the last-mentioned reaction, occurs in muscle extracts but 
neither in liver nor in kidney extracts. The active protein is precipitated 
by ammonium sulfate (and can be purified by fractionation), by sodium 
sulfate, and by trichloroacetic acid. The trichloroacetic acid precipitate 
is soluble in alkali, and the solution exhibits full activity. The protein 
is inactivated when kept in alkaline solution but is completely reactivated 
by reduced glutathione or cysteine. The activity of the protein is not 
decreased by 15 min. boiling in 0.1 V hydrochloric acid. Pepsin hydrolyzes 
the protein and the activity disappears. 

The heat-stable protein is active in very small amounts; I7 of purified 
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protein per cubic centimeter still exhibits considerable activity. Insulin 
is inactive in the enzyme test. 

The function of the protein in the phosphate transfer from the organic 
pyrophosphate compound to hexose is not yet known. A potassium 
chloride-bicarbonate solution, used for the extraction of myosin, extracts 
several times more of the active protein than is obtained by an ordinary 
water extraction. This observation, together with the fact that the 
protein is absent in liver and kidney extracts, deserves attention (c/. 
section IX, D). 

The distribution of the phosphate energy .will undoubtedly be one of 
the major problems in the future. 

VI. THE SYNTHESIS OF YATH ACIDS FROM SUGARS 

Little is known about the pathway of fatty acid formation from sugar. 
However, a good deal can be learned by studying some bacterial fermenta- 
tions where fatty acids arc formed. The best known of this kind of fer- 
mentation is the butyric acid fermentation. 

A. The butyric acid and butanol fermentations 

The anaerobic spore-form Clostridium butyricum ferments sugar accord- 
ing to the equation: 

glucose = butyric acid + 2CO2 + 2H2 

Besides these products, a varying amount of acetic acid is formed. 

If butyl alcohol (butanol) is formed, no hydrogen gas arises, since the 
formation of butanol is equivalent to equal ijuantities of butyric acid and 
hydrogen gas. 

The majority of investigations have been carried out on the fast growing 
Clostridium acetobutyricum (Fernbach). On the basis of these investigar 
tions, a reasonable scheme of the butyric acid fermentation would be as 
follows: 

i Butanol CHsCHjCHjCHjOH 

-> +H4H)t 

Triose (phosphate) J Butyric acid CH1CH2CH2COOH 

j-2H -jj-* +J(2H)| 

Glyceric acid i Crotonic acid CHsCH«*CHCOOH 

Acetic acid | I 

Pyruvic acid i /J-Hydroxybutyric acid CH1CHOHCH2COOH 

Formic acid | -2H ( -Hj gas) ^ | 

(gas) CO2 + Acetic acid — J Acetoacetic acid CHbCOCHjCOOH 
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Mont of t})C hydrogen gas presumably arises in the oxidation of pyruvic 
acid to acetic acid and carbon dioxide, because of the very low potential of 
this system. The condensation of acetic acid to acetoacetic acid has been 
d(imonstrat(‘d (247). 2 *“ Addition of acetic acid to a butanol fermentation 
mixtur(‘ yi(4ds a quantitative* amount of acetone but no butanol (118). 
ddiis is due to the* fact that all the hydrogen formed is used in the butanol 
fcrm(*ntation; acetoacetic acid formed from the added acetic acid therefore 
accuinulat(‘s and is spontaneously decarboxylated. The fact that added 
acetic acid or acetoac(‘tic acid is not converted to butyric acid or butanol 
can th(‘refore not be usc^d as an objection against the theory of intermediate 
formation of a(*etoac(^ti(; acid in these fermentations. The reduction of 
ac('toac(‘ti(5 acid to /3-hydroxy butyric acid is a well-known reaction ir 
animal tissues (96, 115) The reduction of crotonic acid to butyric acid 
has been dimionstrated by l^ernhaucr (21). 

Another grou]) of investigators lays more stress on the condensation of 
ac.etaldcihydc* to acetaldol as the source of butyric acid. This theory is 
supported by two observations. Eaehn's (103, 104) experiments with 
th(' mould Endornyccs vernalis show that croton aldehyde, the anhydride of 
acetaldol, is (!onv(‘rted to fats. Kuhn and collaborators (155) have pre- 
pared st(*aric acid synt^hetically from crotonaldehyde. These two observa- 
tions suggest that crotonaldehyde may be an essential intermediate, not 
only in the formation of palmitic acid but also in the butyric acid fermenta- 
tion The following schiuno illustrates the crotonaldehyde theory: 


Triose 

Glyceric acid 
1-H.O 
Pyruvic acid 



(i Butyraldehyde) 
CH,CH,CH,C^ 

1+2H 

CH,CH==CHC, 


COj + Acetaldehyde — i Acetaldol — — ^ 

— HiO — H|0 

J Crotonaldehyde — ► J Butyric acid 


It is not easy to say which of the two schemes best illustrates the butyric 
acid fermentation. The formation of acetoacetic acid and the reduction 
of this substance to /3-hydroxybutyric acid are reactions which have been 


A direct formation of acetoacetic acid from acetic acid is unlikely, because of 
the high stability of the carboxyl group. The acetoacetic acid is perhaps formed 
from acetyl phosphate or from acetopyruvic acid (c/. Krebs). 
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experimentally demonstrated in animal tissue. The formation of acetaldol 
from acetaldehyde has also been demonstrated, but the removal of the 
second molecule of water, yielding crotonaldehyde, is so far purely hypo- 
thetical. The addition of crotonaldehyde, on the other hand, gives rise 
to an increased formation of higher fatty acids. Feulgen^s discovery of 
palmital (80), the aldehyde of palmitic acid, is of considerable interest in 
this discussion. 

A reduction of crotonaldehyde to butyraldehyde is thermodynamically 
more likely than a reduction of butyric acid to butyraldehyde. Butyric 
acid, on the other hand, actually accumulates in the first phase of a butanol 
fermentation. If it is assumed that crotonaldehyde is reduced to butyr- 
aldehyde, an equilibrium between crotonaldehyde and butyric acid (far 
to the side of the latter substance) has to be postulated. Both schemes, 
however, illustrate very clearly the characteristic feature of a mixed 
assimilatory and dissimilatory fermentation: (1) The hydrogen acceptors 
are represented by the anhydrides of the first oxidation level (crotonalde- 
hyde) or second oxidation level (acetoacetic acid), respectively, and, fur- 
thermore, by the anhydride of one of the reduction products (crotonic 
acid). (2) After a ^‘concentration^’ of the oxygen at one end of the 
molecule (transformation of gly(*eric acid to pyruvic acid), one carbon is 
sacrificed as carbon dioxide and the other part (2C) is used for conden- 
sation. 

The second scheme of butyric acid fermentation actually illustrates a 
sort of coupling between decarboxylation and a condensation, leading to 
fatty acid formation. 

Fatty acid formation from sugar, regardless of whether it occurs in 
microorganisms or in animal tissues, is always connected with decarboxyla- 
tion, simple or oxidative. Thiamin (vitamin Bi) is known to be of im- 
portance in the transformation of sugar into fatty acids (194). Trans- 
formation of glycerol into fatty acids gives rise to less carbon dioxide than 
the transformation of sugars to fatty acids. The most extreme illustra- 
tion of this fact is van Kiel’s demonstration of the quantitative transforma- 
tion of glycerol into propionic acid by propionic acid bacteria. This 
phenomenon has already been discussed. 

The pathway of fatty acid formation from sugars in animal tissue is 
not known. The different possibilities have been discussed in a compre- 
hensive review by Smedley McLean (259). The recent work of Schoen- 
heimer and Rittenberg (256), using deuterium or radioactive carbon as 
tracers, will undoubtedly be able to throw considerable light on the path- 
way of fat formation in the animal organism. 

Probably fatty acid formation from sugar in animal tissues is a mixed 
respiration and fermentation process. Since hydrogen gas is never formed 
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in animal this transformation can hardly be due to fermenta- 

tion only. 

If the triose is dismutcd into glycerol and glyceric acid, sugar can be 
transformed into fatty acids by a pure fermentation without evolution of 
hydrogen. 


Glycerol 

I+2H 

2 Trioses 

1-2H 

Pyruvic acid 

i-2H 

CO 2 + Acetic acid -- - ---- 
(— H»0) 


i Butyric acid 

l+H 

i Crotonic acid 

I (-H.O) 

i jS-Hydroxybutyric acid 

l+H 

i Acetoacetic acid 


"Phe simultaneous formation of glycerol might be of importance for the 
formation of glycerides (fats). 


B. The formation of higher fatty acids 

rhe bacterial fermentative transformation of sugar into fatt}'' acids, 
even the formation of caproic acid from alcohol (11), represents sources of 
(»n(»rgy for the^ growth of bacteria. 

llierc' is reason to believe that the transformation of sugar into fatty 
acid and carbon dioxide, occurring on a large scale in several animals, 
also represents a source of energy available for endergonic processes. 

The understanding of the mechanism of fatty acid formation from sugar 
is closely connected with the knowledge of the oxidation of fatty acids. 
Knoop’s hypothesis of jS-oxidation has been of essential importance for the 
understanding of fatty acid oxidation. In this connection it is of interest 
that acetic acid condensation leads to a /3-keto acid. According to the 
(classical experiments of Knoop (139), every mole of fatty acid gives 1 
mole of acetoacetic acid. Recent experiments (245, 23) show that in 
sev(‘ral cases more than 1 mole of acetoacetic acid can be formed from a 
molecule of the higher fatty acids, but these new observations are not in 
disagreement with the concept of j3-oxidation. 

Ibitil recently the general opinion was that fatty acid dehydrogenases 
are strictly dependent on the integrity of the cell. This is not the case, 
since Leloir and Murry (163) and later Welch and Cori (301) found that 
homogenized liA^er tissue oxidizes butyric acid; the latter authors found a 
large increase in the oxygen consumption after addition of butyric acid to 
homogenized liver tissue. Furthermore, Konrad Land and collaborators 
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(143, 144) have recently been able to demonstrate a palmitic acid dehy- 
drogenase in liver extract, which in the presence of methylene blue oxidizes 
palmitic acid to oleic acid. Adenylic acid (a pure product from Ostern^s 
laboratory was used) is a necessary component of the palmitic acid de- 
hydrogenase. These findings are of importance for the understanding of 
the nature of fatty acid dehydrogenases. The first step of fatty acid 
oxidation (desaturation) thermodynamically belongs to the hydrocarbon 
ethylene type, like succinic acid fumaric acid. 

Schmidt (255) finds that the respiration in dialyzed heart muscle is 
increased considerably by the addition of phospholipids (purified). 

The nature of fat formation, i.c., esters of glycerol (and phosphate) and 
carboxyl groups of fa{ty acids, is not known. The fundamental discovery 
of fatty aldehydes like palmital and their (esterification with glycerophos- 
phate (Feulgen (80)) may give the solution of the problem of fat formation. 
Oxidation of palmital-glycerol ester would yield a palmitin glyceride. 

VII. THE SYNTHESIS OF NITROGEN COMPOUNDS 

A. Assimilation of nitrogen 

A few words about nitrogen fixation might be useful in this review. 

The bacterial nitrogen fixation was discovered by Winogradsky in 1899 
(305). Winogradsky was also the first to realize that the nitrogen fixa- 
tion was a reduction of N^N to ammonia or derivatives of ammonia. 
As pointed out by Burk and Horner (33), however, a reliable demonstra- 
tion of ammonia formed from nitrogem is difficult, because the process is 
so slow that it is difficult to distinguish it from an autolysis of the bac- 
teria (azobacteria). Bortels in 1931 (28) discovered that the reduction 
of nitrogen to ammonia is catalyzed by molybdenum (c/. the Haber 
process) ; how the molybdenum acts, as an electron-transfer system or in 
some other manner, has not yet been ascertained. 

In contrast to the reduction of the double bond in oxygen (0=0), the 
reduction of the triple bond in nitrogen (N=N) is an endergonic reaction 
(c/. Lewis (166)). As pointed out by Burk, the stable N=N bond can 
be reduced only by hydrogen. It is not unlikely that the oxidation of 
pyruvic acid, because of the great negativity of the system 

pyruvate + HjO acetate + COa 
is an important energy source for the reduction of nitrogen. 

B. The formation of amino acids from sugars and related compounds 

In 1925 Knoop and Oesterlin (141) showed that palladium and hydrogen 
can reduce keto acids and ammonia to amino acids. Neubauer (223), 
Embden, and others demonstrated the deamination of amino acids to the 
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corresponding kf‘to neuls Knoop and Oesterlin in model experiments 
r(;du(!ed a-ket-o a( ids with palladium and hydrogen in the presence of 
ammonium salts and ohtaiu(‘d a high yield of the corresponding amino acids. 
They interpn‘t(*d the n^aetion as follows. 

<a-keto acid ( — C— ) + NH3 ^ «-imino acid ( — C—) + H2O (1) 

!> Ih 

H 

I 

a-imino acid ( —C — ) + 2H a-amino acid ( — C — ) (2) 


Thus the imino acid replaces the keto acid as hydrogen acceptor; the 
lal)il(‘ nitrogim in the iinino aind is ‘‘fixed'^ by the rediKttion to amino acid. 
That the oxidative diiarni nation and the redu(;tive arnination are reactions 
of importance in living systems was established in 1937 38 by two dis- 
eov(‘ri(‘s, "(/) Warburg and C'hristian's purification of the d-amino oxi- 
dase*, and {£) Adl(*r and Euler\s demonstration of the enzvmatic reduction 
of «-k<‘toglutanc acid and ammonia to glutamic acid. 

L The d-armno oxidase was first described by Krebs (146), who observed 
that a long series of d-amino acids (the optii^ally active amino acids in 
proteins ar(‘ mainly /-amino acids) are oxidized if added to water extracts 
of kidney cortex or liver tissu(\ Warburg and Christian (298) purified 
Krebs’ oxidiise and s(‘parated it into a protein and a nucleotide which was 
identified as a flavin-adenine nucleotide {of. section IV). The alloxazine 
ring of the nucleotide accepts the hydrogen from the amino group, and the 
hydroalloxazine formed gives th(‘ hydrogen to oxygen, which is reduced 
to hydrogen peroxide. Negelein and Bromed (219) have shown that the 
hydrogcni jicroxide in the pure enzyme preparations free from catalase 
oxidizes the pyruvic acid formed from alanine to acetic acid and carbon 
dioxide, l^roline and valine also arc oxidized by the pure d-amino oxidase. 

2. The glulamtc acid-kctoglutaric acid system. Adler (1, 2), in Euler’s 
laboratory, demonstrated that Knoop and Ocsterlin’s reductions of keto 
acids in the presence of ammonia to amino acids also occur in biological 
systc'ins. Euler and coworkers (73) showed that glutamic acid is oxidized 
by a pyridine nucleotide (Warburg’s coenzyme) to a-ketoglutaric acid and 
ammonia. 

Adler prepared the hydropyridine nucleotide in large amounts and suc- 
ceeded, in the presence of the specific glutamic acid dehydrogenase, in 
reducing a-ketoglutaric acid and ammonia to glutamic acid. 

If the pyridine nucleotide is kept reduced by a hydrogen-donor system 
(e.g., alcohol-aldehyde + specific protein enzyme), catalytic amounts of 
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pyridine nucleotides are able to reduce large amounts of ketoglutaric acid 
and ammonia to glutamic acid. 

Adler, Euler, Gunther, and Plass (3) recently, in a very interesting 
paper, succeeded in converting citric acid (or isocitric acid) quantitatively 
to glutamic acid: 


HOOCCHCHOHCOOH 


COOH 


CH,CHNH,COOH 

in, 

ioOH 


Isocitric acid 

. 1 -® 

CO* + CHjCOCOOH 

in, 

iooH 

a-Ketoglutaric acid 


^'pyridine'' 
+ NHs 


Glutamic acid 

+ [^]f 

CH2C(=-NH)C00H 

CHa 

I 

COOH 

a-Iminoglutaric acid 


The conversion of isocitric acid and ammonia into glutamic acid is 
actually a ^ ^fermentation.’^ The isocitric acid is formed from citric acid 
through the anhydride m-aconitic acid (191, 192). 

The position of citric acid in metabolism is not clear. A citric acid 
dehydrogenase (better “isocitric acid dehydrogenase”) was first demon- 
strated by Thunberg. According to Krebs and Johnson (151), citric acid 
is formed by a condensation between oxaloacetic acid and an oxidation 
product of sugar, presumably acetic acid. 

Simola and collaborators (258, 125) recently have been able to demon- 
strate extensive formation of citric acid in animal tissue in vivo as well as 
in vitro when pyruvic and malic acids were added. This might be due to 
a formation of acetic acid and oxaloacetic acid which immediately con- 
dense. It is not unlikely that the formation of citric acid is connected 
with the complex oxidation of acetic acid. 

Krebs and Cohen (150) have recently shown an interesting dismutation 
of a-ketoglutaric acid and ammonia into glutamic acid, succinic acid, and 
carbon dioxide. In the absence of ammonia the dismutation proceeds to 
a much smaller extent. Apparently the iminoglutaric acid is a better 
hydrogen acceptor than the ketoglutamic acid is (c/. Krebs). The step 


ketoglutaric acid + H 2 O — 2H = succinic acid + CO 2 


corresponds to the oxidative decarboxylation of pyruvic acid to acetic acid 
and carbon dioxide. 

‘•^Spontaneous decarboxylation (c/. acetoacetic acid). 
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The system 

glutamic acid -- kotoglutaric acid + NHs + 2H’*‘ + 2e 

is a r('versibl(* redox system with an Eq (pH 7) = —0,50 millivolt (Borsook 
(26)). Wurmscr and I'lllitti-Wurmser (310) found that the system 

alanine pyruvic acid + NHj* + 2H'^ + 2€ 

is also a reversible* redox system with an Eo = —0 48 volt. A reductive 
formation of alanine from pyruvic acid and ammonia is thus possible. 
Glycolysis in the presence* of ammonia would therefore yield alanine in- 
stead of lactic acid. 

C. Transamination 

liraunsteiin and Kritzman (31) made the important discovery that keto- 
die;arboxylic aedds and tt-amino acids or vice versa react in the presence of 
specific e*nzyme*s (aminopheraseis) in such a manner that the amino group 
is transferreKl to the ke‘te) group, for instance: 


glutamic acid + pyruvic acid a-ketoglutaric acid alanine 


One* of the* reacting components, either the keto acid or the amino acid, 
has to contain two acid groups as, for instance, glutamic acid or aspartic 
acid (the corre^sponding keto acids, phosphoserine and homocysteinic acid, 
are also ae*.tive (30)). 

Braunstein and Kritzman interpret the transamination as a condensa- 
tion, forming a Schiff base: 






HC— NH, + 



Only /-amino acids are transaminated. According to Braunstein, the 
transamination is the only way in which /-amino acids are oxidized. The 
Braunstenn enzyme aminopherase is found in large amounts in all animal 
tissue; the glutamic acid represents the most important amino-transfer 
system. 

D, The aspartase system 

Quastel and Woolf (246) and Virtanen and Tornanen (286), working 
with B. coll, demonstrated a new type of amination-dearnination: 


aspartic acid fumaric acid + NHg 


The reaction is related to the equilibrium 


malic acid fumaric acid + H 2 O 


The AF values for these equilibrium reactions are less than 1000 calories. 
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Possibly deaminations related to the aspartase reaction are responsible 
for the reduction of amino acids to fatty acids in certain strains of Clos- 
tridia (Stickland). The unsaturated compound formed by deamination 
is the hydrogen acceptor proper. 

E, The formation of peptides from amino acids 

Peptides can be formed directly from amino acids if the latter are present 
in very high concentrations. The equilibrium lies far to the side of hy- 
drolysis (c/. phosphoric esters in the presence of phosphatases). There is 
reason to believe that peptide formation in tissues is always coupled with 
oxidoreduction just like phosphorylations. 

Linderstrom-Lang (168) points out that a primary reaction between a 
carbonyl group and an amino group followed by an oxidation of this 
linkage yields a peptide bond. He calls attention to the fact that, in order 
to obtain a typical polypeptide of a-amino acids, the amino group has to 
react with a dicarbonyl compound like methylglyoxal, where reductive 
amination of the 2-keto groups makes complete the addition of a new 
amino acid residue to the polypeptide chain 



Methylglyoxal 

Methylglyoxal was discovered by Neuberg (226) in toluene-treated glucose- 
fermenting yeast. Methylglyoxal is formed by nori-enzymatic dephos- 
phorylation of triose phosphate (202). 

The oxidation of a carbonyl-amino compound to a peptide shows some 
resemblance to an oxidation of an aldehyde (c/. also xanthine oxidation) : 

H\ I 

0=0 N— O-H ON— C— H (+H*0) - 

\ TS/ \ II 

(-« AJm 
' i ' ' A ' 

It is of importance to notice that both the condensation and the oxidation 
are exergonic reactions, indicating that peptide linkages are rather stable 
strudtures. The stability of the peptide structure able to resonate between 
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tliti amid(‘ and the enolic configurations is also pointed out by Pauling and 
\ieniann (212). 

d'h(‘ author of this review is inclined to think that carboxyl esters, like 
(‘arboxyl phosphat(\s (wliieh yield pyrophosphate), glycerides (fats), and 
pitptides an' formed from the corresponding carbonyl esters by oxidation. 
Tins mc'chamsm has been established in the case of carboxyl phosphate 
formation (Warburg, Negelein, Lipmann), is likely in the case of glycerides 
(Feiilg(‘n), and it may very well be that the ^^potentiaF^ energy of the 
carbonyl group is the driving force also in the peptide formation. 

VIII. THE SYNTHESIS OF MONO- AND POLY-HEXOSES 
A. Photosynthesis 

In th(‘ green plant, sugars are formed from carbon dioxide and water 
with light as the energy source. Carbon dioxide is the hydrogen acceptor 
and water the* hydrogen donor. Since the potential difference between 
the hydrogim donoi and the hydrogen acceptor is 1200 to 1300 millivolts 
(— 56,000 calories) to the wrong side, the hydrogen donor belonging to 
th(‘. system of high potential and the hydrogen acceptor to the system of 
low pott'iitial, a supply of at least 56,000 calories per mole from an outside 
source of energy is necessary This energy source is the light. 

In th(' field of photosynthesis three mam lines have been followed: 
(/) d'h(‘ number of quanta absorbed per mole of oxygen developed from 
water (the so-called quantum yield); the constitution and mode of 
action of chlorophyll; (5) the intermediate reactiois in the formation of 
sugar from carbon dioxidi' and of oxygen from water. 

Th(' chlorophyll of green plants was isolated by Willstatter and Stoll 
in 1910 12; these two investigators worked out the constitution of chloro- 
phyll. Chlorophyll is a porphyrin compound in combination with magne- 
sium. The chlorophyll of the photosynthetic active bacteria is very closely 
related to that of the green plants. Investigations of Hans Fischer et ah 
showed that- the vinyl group, CH 2 =CH — , in plant chlorophyll is replaced 
by an acfdyl group, CII3CO — , in bacterial chlorophyll. We have, how- 
ev(T, only very limited knowledge about the mode of operation of chloro- 
phyll, mainly because photosynthesis so far cannot be separated from the 
cell structure. 

It seems certain that chlorophyll and not the carotinoids is involved 
directly in th(' light reaction, i.e., in the absorption of light. It has been 
suggested that chlorophyll transfers hydrogen, an assumption which seems 
reasonable but so far has no experimental basis. 

The third problem, the pathway of sugar formation from carbon dioxide 
and water, has until recently not been treated experimentally, only specu- 
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latively. The work of van Niel, GafFron, and others with the photo- 
synthetic purple bacteria and the work of Ruben, Perlmann, and col- 
laborators with radioactive carbon isotopes have given us the basis for an 
understanding of the reaction. 

van Niel (228) found that the bacterial photosynthesis in some respects 
differs from that of the green plants: (f) no oxygen is formed; (2) the 
bacteria can live and grow without oxygen, provided light is present; 
{3) the bacteria can grow in the dark, provided oxygen is presemt ; (4) sev- 
eral of the bacteria require hydrogen sulfide as well as carbon dioxide, 
van Niel found the following equations: 

1 mole H2S — > 1 mole S per 0.5 mole CO2 to organic material 

1 mole H2S — > 1 mole H2SO4 per 2 moles CO2 to organic matter 

Does hydrogen sulfide replace water or does it replace ordinary metabolites? 
A decisive answer to this question was given by Gaffron^s demonstration 
of a bacterial photosynthesis without hydrogen sulfide. He (89) found 
that in some purple bacteria photosynthesis of hydrogen sulfide takes 
place in the absence of hydrogen sulfide ; in these cases fatty acids replace 
hydrogen sulfide as hydrogen donor. Gaffron found the following rela- 
tionships: 

Utilization of 1 mole of CsHyCOOH: 1 mole of carbon dioxide reduced 
Utilization of 1 mole of CsHuCOOH: 2 moles of carbon dioxide reduced 
Utilization of 1 mole of CtHuCOOH : 3 moles of carbon dioxide reduced 

Gaffron also found that hydrogen can replace hydrogen sulfide. In the 
light of Gaffron^s findings, van Niel (230) emphasizes the importance of 
Winogradsky ^s old experiments with sulfur bacteria, where in the dark 
hydrogen sulfide is oxidized to sulfur (chemosyn thesis), van Niel con- 
siders both oxidation of hydrogen sulfide and reduction of carbon dioxide 
as typical dark reactions also in the case of the purple bacteria and assumes 
that both in the purple bacteria and in the green plant the oxidation of 
water represents the process which requires light energy. As a research 
hypothesis van Niel draws the following picture of the two sorts of photo- 
synthesis : 

Both in the plant and in bacterial photosynthesis water is dehydro- 
genated,, giving rise to a reduction of carbon dioxide and a formation of a 
kind of oxide or oxidation product, perhaps a peroxide. In the plant 
photosynthesis, the oxidation product formed is spontaneously spht into 
a stable oxide and free oxygen; in the bacterial photosynthesis, the oxide 
formed is stable and has to be reduced by hydrogen donors like hydrogen 
sulficfe or fatty acids, and consequently no oxygen is formed in this case. 
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Both the spontaneous liberation of oxygen and the reduction by hydro- 
gen donors restore the group as acceptor of a new molecule of water, van 
Niel emphasizes that, although for the time being the chances in obtaining 
the photocliemical reaction in cell-free extracts are very small, the chances 
for an observation of some of the dark reactions in cell-free extracts are 
much better. 

B, Chemosynthesis 

C'hemosynthesis includes a number of reactions where carbon dioxide 
is reduc(‘d by in(jrganic or organic compounds; these reactions arc inde- 
pendent of light. 

Th(‘ interesting reactions were discovered as long ago as 1890 in the 
brilliant microbiological investigations by Winogradsky (303, 304). He 
succ(‘eded in isolating some soil bacteria capable of oxidizing ammonia to 
nitrite (Niirosormnas) and nitrite to nitrate (nitrobacteria (19)). Wino- 
gradsky observed that, in proportion to the oxidation of ammonia, carbon 
dioxide was n'duced to organic compounds according to the following 
relation : 35 moles of ammonia are oxidized to nitrous acid for 1 mole of 
carbon dioxide reduced. Meyerhof in 1916 (195) confirmed Winogradsky’s 
(‘quation and found that 105 moles of nitrous acid were oxidized to nitric 
acid for 1 mole of carbon dioxide reduced. Thus three times as many 
moles of CO 2 are oxidized in the one-step oxidation of nitrous acid to nitric 
acid as in the three-step oxidation of ammonia to nitrous acid. 

Winogradsky also demonstrated the oxidation of hydrogen sulfide to 
sulfur in the so-called sulfur bacteria. Carbon dioxide also functions as 
the hydrogen acceptor in this oxidation. 

Woods (309) recently discovered the reversible reduction of carbon 
dioxide to formic acid by hydrogen gas, and Barker (10) observed the 
oxidation of ethyl alcohol to acetic acid with the proportional reduction 
of carbon dioxide to methane. That the methane formed is derived from 
carbon dioxide has recently (12) been proved directly by means of radio- 
active carbon dioxide (CTO 2 ), which yields radioactive methane (C*H 4 ). 

Reactions like the oxidation of ammonia or of hydrogen sulfide by 
carbon dioxide may look very reasonable from a purely chemical point of 
view but not from a thermodynamic point of view. The normal poten- 
tials of redox systems like ammonia-hydroxylamine or hydrogen sulfide- 
sulfur are considerably higher than that of the redox system carbon 
dioxide- formic acid. A very clear illustration of this thermodynamic 
paradox is the oxidation of alcohol to acetic acid with a stoichiometrical 
reduction of carbon dioxide to methane. Barker (10) observed the fol- 
lowing relationship: 

2CHSCH2OH + CO2 = 2CH,COOH + CH4 + 2H2O 



ENERGETIC COUPLING IN BIOLOGICAL SYNTHESES 


147 


However, Eq (pH 7) of the hydrogen-donor system 

alcohol acetaldehyde + 2H+ + 2c 
is — 160 millivolts. Eq (pH 7) of the hydrogen-acceptor system 
CO 2 + 2H+ + 2€^ formic acid 

is —430 millivolts. How can the negative system serve as hydrogen 
acceptor for a much more positive system? The explanation must be 
that the first reduction step of carbon dioxide is carried out by small 
amounts of strong reducing agents in the cells (for instance, carbonyl 
groups). The later steps of carbon dioxide reduction, — for instance, of the 
the reduction of formaldehyde to methyl alcohol or of this substance to 
methane, — can very well be carried out by alcohol. A s soon as acetaldehyde 
is formed, a reduction of carbon dioxide to formic acid by this substance 
takes place. The later reductions can be performed directly by alcohol. 
The interpretation of oxidoreductions between ammonia or hydrogen sul- 
fide and carbon dioxide may be explained in the same manner; the final 
reduction product of carbon dioxide in these redox processes is, however, 
not known. 

Other kinds of chemosynthcsis,— for instance, the reversible reduction 
of carbon dioxide with hydrogen gas, yielding formic acid, or the uptake 
of carbonates in the propionic acid fermentation, yielding succinic acid, — 
have been described in previous sections in this review. 

C. The formation of sugar from lactic acid and related compounds 

The resynthesis of sugar from lactic acid formed by working muscles 
(d-lactic acid) was first demonstrated by Embden and coworkers (66) in 
perfusion experiments with mammalian livers. Not only monohexoses 
but also polyhexoscs (glycogen) were formed from lactic acid. 

Meyerhof (197) demonstrated a formation of glycogen from lactic acid 
in muscle tissue, but the liver seems to be the most important organ in 
carrying out the synthesis of sugar from lactic acid (66, 189). The syn- 
thesis of sugar from lactic acid always requires oxygen consumption. 

Two main hypotheses have been advanced in order to explain the path- 
way of sugar formation from lactic acid. Meyerhof supposed that one 
part (about 20 to 25 per cent) of the lactic acid was completely oxidized 
by a respiration process which furnishes energy to the resynthesis of sugar 
from the other part. 

Kluyver in 1931 (135) advanced a different hypothesis. According to 
him, all the lactic acid formed is oxidized in two steps: the first step yields 
pyruvic acid, which is decarboxylated to carbon dioxide and acetaldehyde; 
the S€jcond step consists in the oxidation of acetaldehyde to glycolaldehyde. 
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Th<^ latter oxidation has been demonstrated in model experiments by 
C'onaut and Ton^ijberg (42), who used eerie solution as an oxidizing agent; 
the glyeolaldehyde formed was assumed to be polymerized to sugar. 
Alkaline solutions of glyeolaldehyde actually show slow polymerization of 
glyeolald(4iyde into sugar. At the time when Kluyver first discussed this 
probUan, nothing was known about energetic couplings between oxidation- 
redu(‘tion and phosphorylation. Kluyver’s theory actually gives a simple 
and rational explanation of a resynthesis: one part of the molecule is sacri- 
fi(*.ed as carbon dioxide and the other part is oxidized and polymerized. 
This coupling is very closely related to the formation of fatty acid from 
sugar, a process winch Kluyver was one of the first to recognize as a mixed 
dissimilation and assimilation 

Although Kluyver's hypothesis of sugar formation seemed to be the 
more attractive^ of the two hypotheses, it has never been supported by 
enzymatic exp(‘riments Furthermore, the decarboxylation of pyruvic 
acid into ac(‘taldchyde and carbon dioxide, does not occur either in animal 
tissue* or in a number of microorganisms. If carboxylase occurred in 
animal tissue, ethyl alceihol and not lactic acid woulel be fonned as a result 
e)f anaereibic sugar oxidation. 

Ren*, cut e*xfK*riments of Hastings, Kistiakowsky, ct al, (111) with lactic 
aeid e'ontaining radioactive carbon in the carboxyl group show that the 
glycogen formed from such labelleid lactic aead contains radioactive carbon 
only to a very small extemt. A much greater amount of the radioactive 
e'arbon was found in the carbon dioxide. These recent findings may be 
a support of the Conant-Kluyver theory. Nevertheless, the lack of car- 
boxylase in animal tissue remains a strong objection against the theory. 
The rather high radioactivity in the carbon dioxide might also be ex- 
plained by the new type of decarboxylation carboxylation recently dis- 
covered by C'arson and Ruben (34) (see section III, propionic acid fer- 
mentation). 

Modern enzyme chemistry has rendered much support to Meyerhof's 
theory. In 1937 Meyerhof and collaborators (207) and at the same time 
Green, Needham, and Dewan (99) in Cambridge succeeded in the demon- 
stration of what might be called a reverse fermentation. Lactic acid and 
phosphoglyceric acid in the presence of the pyridine nucleoprotein but 
without oxygen gave pyruvic acid and phosphotriose ; the last was trapped 
wdth cyanide or semicarbazide. Meyerhof and coworkers were able to 
demonstrate this reverse fermentation without trapping the triose, pro- 
vided they added large amounts of adenylpyrophosphate, and they made 
the interesting discovery that the added adenylpyrophosphate was de- 
phosphorylated stoichiometrically, so that for every mole of phospho- 
glyceric acid reduced to phosphotriose 1 mole of phosphate was liberated. 
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Working with reduced ^^pyridine/^ Meyerhof succeeded in the demon- 
stration of a dephosphorylation of adenylpyrophosphate coupled with the 
reaction 

“hydropyridine^^ + phosphoglyceric acid ^^pyridine^^ 4* phosphotriose 
The reverse reaction: 

phosphotriose + “pyridine^' ^ phosphoglyceric acid -f “hydropyridine^' 

IS coupled with a phosphorylation of adenylic acid to adenylpyrophos- 
phate (206). Meyerhof explained these two facts in the following way: 
the oxidoreduction of glycolysis furnishes energy for the phosphorylation 
of adenylic acid, whereas the dcphosphorylation of adenylpyrophosphate 
furnishes energy to the nwerse oxidoreduction, i.e., for the sugar formation 
from lactic acid. Under natural conditions adenylpyrophosphate occurs 
only in small amounts and therefore has to h(3 rephosphorylated by 
energy-furnishing redox processes; this rephosphorylatiou of adenylic acid 
is one of the important tasks of th(i respiration. Although the clear 
demonstration of these step reactions, proceeding in the reverse direction 
of those in the glycolysis, represenbid the first step towards a chemical 
understanding of sugar synthesis from lactic acid, two problems remained 
still unanswered. The first was the formation of phosplioglyc(5ric acid 
from pyruvic acid; the second the nature of the coupling between dephos- 
phorylation and oxidoreduction. Th(* first problem is partly solved, the 
other completely. 

Formation of sugar from lactic acid is a reversf) glycolysis, which means 
that the hydroxyl group of lactic acid is the hydrogen donor and tlu^ 
carboxyl group of phosphoglyceric acid the h 3 ^drog(‘n acceptor; the latter 
substance is regenerated steadily from the precursor, phosphopyruvic acid, 
by the addition of water. The missing link in the vseheme is the phos- 
phorylation of pyruvic acid to phosphopyruvic acid; this process has never 
been demonstrated experimentally. Furthermore Meyerhof and collabo- 
rators, (204) on the basis of some experiments with radioactive phos- 
phate, assume that the well-known reaction 

phosphopyruvic acid + adenosine diphosphate pyruvic acid 

+ adenosine triphosphate 

goes in one direction only. Of importance for this problem, however, is 
the formation of phosphopyruvic acid from malic or fumaric acid added 
to kidney extracts (Kalckar (123)). Fumaric acid or malic acid was oxi- 
dized in the presence of fluoride and gave rise to an accumulation of 
phosphopyruvic acid which could only be formed by an oxidation of malic 
acid,%ince fluoride prevents a formation of this ester from sugar. Ferd- 
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man (79) has boon able to demonstrate a corresponding formation 

of j)hosi)liopyruvic acid from lactic acid in muscle tissue. Presumably 
phosphopynivK* acid is formed by an oxidation of lactic acid by the fol- 
lowing reaction : 


COOH 
H;C— OH 

1 I 

'HCH 

I 

H 

Lactic acid 


COOH 


.0 


2H 


+ phosphate 


C— O— P^OH 

Ah. ^oh 


Phospho(enolic)pyruvic acid 


Whether the phosphate enters the lactic acid or, simultaneously with 
th(‘ oxidation, enters the oxidation product, phospho(enolic) pyruvic acid, 
is unknown. A corrc'sponding reaction with a preliminary formation of 
phosphooxaloacetic acid is probably the mechanism of the phosphopyruvic 
acid formation from malic and fumaric acids. Addition of phosphate 
instead of water to fumaric acid would yield phosphomalic acid (c/. 
Lipmann (176)). 

1"he nature of the* coupling between the reduction of phosphoglyceric 
iudd and adenylpyrophosphate dephosphorylation was not understood until 
Warburg and his pupils (299, 220) separated the different enzymes and 
obtained the new labile 1 ,3-diphosphoglyceric acid (c/. section V). The 
diphosphoglyceric acid reacts with the adenine nucleotide in the reversible 
reaction 


dzphosphoglyceric acid + adenosine diphosphate moriophosphoglycerate 

+ adenosine triphosphate 


The diphosphoglyceric acid accepts the electrons from the reduced “pyri- 
dine.” The diphosphotriose formed splits to monophosphotriose and 
phosphate. The reverse glycolysis proceeds therefore as follows: 


lactate™ + “pyridine”"^ - 


=fc2e 


,0 


0==C— O— P^OH 
\)H 


“Reduc.l 
pyri- + CHOH 
dine” 




,0 


±2e 


H,C— 0— P^H 
\)H 

(Phosphoglycerylphosphale) 


pyruvate" + “reduc. pyridine” (a) 

/.H 0 

HC— O— P^H 
I \)H 

‘pyTidine+” + CHOH (b) 

H,C-0— P^H 
\)H 

(1 ,3-Dipho8photrio«e) 
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The phosphorylation of the carboxyl group by adenylpyrophosphate 
makes a reduction of this group thermodynamically much easier, since the 
potential of the aldehyde-carboxyl system after a phosphorylation is 
raised approximately 200 millivolts; the reasons for such a shift in the 
potential have been given in section V. Thus a phosphorylation of the 
carboxyl group creates a relatively good hydrogen acceptor The carboxyl 
phosphate is reduced to aldehyde-phosphate, which immediately liberates 
the phosphate. The result of these reactions is that adenylpyrophosphate 
is dephosphorylated and monophosphoglyceric acid is reduced to mono- 
phosphotriose ; this over-all reaction is identical wdth Meverhof's equation. 

l^he reduction of carboxyl groups to carbonyl groups is thermodynami- 
cally difficult to carry out in biological systems, because in such systems the 
(‘arbonyl-carboxyl redox system is the strongest reducing system of all. 
According to Wieland's theories (302), aldehydas before dehydrogenation 
take up water to form aldehyde hydrates, which become the hydrogen 
donor proper; a reverse reaction, i.e., a reduction of carboxyl to aldehyde 
hydrate, is thermodynamically very unlikely (Eo approximately —450 
millivolts). According to Warburg (299), the aldehyde group of triose 
(and according to Lipmann (175) the carbonyl group in pyruvic acid) 
takes up phosphoric acid (carbonyl phosphate) before biological dehydro- 
genation; the carbonyl ester thus formed represents the hydrogen donor 
proper. A reverse reaction, i.e., reduction of the carboxyl phosphate of 
diphosphoglyceric acid to carbonyl phosphate by the reduced pyridine 
nucleotide, is thermodynamically a very likely reaction. 

Thus replacement of water by phosphate converts processes which 
would have been highly irreversible into more reversible*® processes and 
thereby prevents scattering of energy as heat. We meet the same feature 
again in the cl(;avage of polysaccharides which can be split by water 
(diastatic hydrolysis, irreversible) or by phosphate (Cori's phosphorolysis, 
reversible) ; these last reactions will be described in the next section. 

D. The synthesis of polyhexoses from monohexoses 

The liver and the muscles are able to build up polyhexoses, mainly 
glycogen, from the monohexoses, glucose and fructose, provided oxygen 
is present. Until very recently the formation of glycogen has been demon- 
strated only in an intact liver perfused with oxygenated blood or in liver 
slides shaken in oxygenated saline solution. It was a general belief among 
physiologists that, although reactions like phosphate esterifications can 
be demonstrated in cell-free extracts (or even with crystalline proteins), 
the formation of glycogen is a biological manifestation which is so closely 
* 

Reversible in a thermodynamic sense. 
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(‘onnected witii the living intact cell structure that one would be very 
unlikely to find glycogen formation in extracts, not to speak of purified 
enzyme systc^ms. Owing to the brilliant work of Cori and Cori and col- 
laborators, tlie itKichanism of the breakdown and the formation of glycogen 
has now been recognized. 

In ord(*r to understand the mechanism of glycogen formation, one has 
to be ac(iuaint(‘d with the investigations on the breakdown of glycogen. 
For a long tim(' it has been the general belief that the only biological way 
of breaking down polyhexoscs (starch, glycogen, dextrins) was an ordinary 
hydrolysis catalyzed by certain enzymes, called amylases or diastases, 
'lliese (‘iizyrnes wliadi occur in the digestive tract were also considered 
respoiisibh‘ for the liberation of glucose (blood sugar) from the liver; the 
liv('r, how(‘vcr, do(\s not (contain diastase in large amounts, and probably 
all activity is diu* to diastase in the blood plasma. Since diastase, even in 
the presence' of v('ry high amounts of glucose, cannot catalyze glycoside 
formation, the formation of glycogen from glucose cannot be due to a 
reverse diastase* action. 

In 1935 Cori and (Vjri (36) found that glycogen in intact muscles takes 
up inorganic phosphate, and the same year Parnas and Ostern (238) found 
th(' same phenomenon in aged and dialyzed muscle extract; the product 
formed was found to be a 6-monophosphato. Since the oxidative enzymes 
an* inactivaled or n'lnoved, the uptake of phosphate is not coupled with 
an oxidation The product formed by the phosphorylation is the well- 
known mixture containing 70 per cent of glucose-6-monophosphate and 
30 pel* cent of fructose-6-monophosphate (Embden ester). In 1936 Cori 
and C-ori (47) made; the important discovery that the primary product of 
the glycogen phosphorylation in muscle extract is glucose-1 -phosphate, 
i.e., a hexose phosphate* phosphorylated on the aldehyde group. 

The glucose phosphate (Cori ester) exhibits the following properties: 
no reduction in a n on-enzymatic system, since the aldehyde group is 
phosphorylated; strong dextrorotation, [a]^® = +120°; and high lability 
to acid hydrolysis (5 min. boiling ini N hydrochloric acid liberates all the 
phosphate). Cori, Colowck, and Cori (46) furthermore succeeded in a 
chemical synthesis of glucose-l-phosphate. Glucose was acetylated and 
brominated; the bromoacetylglucose was heated with silver orthophos- 
phate. The triacetylglucose monophosphate thus formed was subjected 
to a mild acid hydrolysis, yielding 1 mole of glucose-l-phosphate per 
mole of triacetylglucose monophosphate. Both the 1-ester isolated from 
muscles and the chemically prepared 1-ester are rapidly converted to 
glucose-6-phosphate by a specific enzyme occurring in all tissue (Cori (44)). 
The enzyme requires small amounts of magnesium ions. The conversion 
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of the 1-ester to the 6-ester is irreversible, i.e., the addition of the 6-ester 
to this enzyme does not yield the 1-ester.*^ 

l^he dis(^overy of glucose-l -phosphate represents the introduction to a 
new chapter in the study of carbohydrate metabolism. 

Cori, Cori, and Schmidt (18, 52) and Kicssling (130) in 1939 succeeded in 
the separation of the enzyme which converts glycogen into the 1 -ester from 
the enzyme which converts the l-ester into the 6-ester. The purification 
of this enzyme bore great fruit, because it enabled both Kicssling and Cori 
and collaborators to demonstrate a new and very interesting enzymatic 
equilibrium reaction: 

glycogen + n(H 3 P 04 ) n(glucose-l -phosphate) 

where the equilibrium is very much to the side of glycogen; about 80 per 
<'eiit of the 1 -ester is converted into glycogen. The chemically prepared 
1-ester is just as active as the enzymatically prepared 1-estor. Adenylic 
a(ad acts as coenzyme (cf. section TV). The equilibrium constant is de- 
pendent on the concentrations of inorganic phosphate and l-ester but is 
independent of the glycogen concentration, presumably because glycogen 
is a substance of high molecular weight or is in colloidal dispersion acting 
essentially as a solid saturating body. 

Cori (45), as well as Parrias, point out that the r61e of phosphate in the 
cTeavage of glycogen to glucose-l-phosphate corresponds to that of water 
in the hydrolysis of glycogen into glucose. In the first case the glycoside 

//^ 

linkages are split by HO— P— OH ; in the other by HO— H. The cleavage 

\OH 


H-C— O— Pf-OH 

I^OH 

CHOH 

I 

CHOH^ 

' ? 

CHOH 


HC- 


CH,OH 

Glucose-l-phosphate (Cori ester) 


It is worth while to notice that the phosphate in the glucose-l-phosphate is linked 
to a carbon atom in the ‘‘Haworth ring." The hydroxyl group of the 1-carbon atom 
is an acid group which forms salts, ior instance, calcium glucosate. 

I 
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of glycogen V)y phosphate is therefore called phosphorolysis in analogy to 
hydrolysis, the splitting by water. The replacement of water by phos- 
phate makes the reaction reversible (c/. the oxidation of glyceraldehyde). 

Experiments made by Cori and Cori (50) with purified enzyme prepara- 
tions from brain and muscle tissues showed two interesting new phe- 
nomena: (/) The enzyme purified from muscle tissue gives rise to the 
formation of a polyhexose, which, like starch, gives a blue color reaction 
with iodin(‘ and shows the same Debye diagram as potato starch. {^) In 
the polyiiK'rization of 1-phosphoglucose to glycogen, the addition of gly- 
cog(‘n is nc*c(\ssar 3 ^ to start the reaction. 

Cori and Cori (51) recently analyzed this glycogen activation in detail; 
they found 1 A mg of glycogen per 100 cc. of reaction mixture sufficient 
to give a prompt abolishment of the lag period. Muscle phosphorylasc 
activated by 10 mg. per cent glycogen exhibits a marked decrease in 
activity aftcT 20 min., in spite of the fact that a large amount of newly 
formed tstarch (140 mg. per cent) is present. The newly formed starch 
therefore has inu(‘h less “autocatalytic^^ effect than the glycogen added. 
This phenomenon, together with the fact that the starch formed by muscle 
phosphorylasc is firmly bound to the proteins, indicates that the starch 
blocks the* surface of the* enzyme and limits the amount of polysaccharide 
which can be synthesized per enzyme molecule. The polysaccharide 
form(*d by liver and brain is closely related to ordinary glycogen, i.e., 
gives a brown color with iodine, is not firmly bound to the proteins, and 
has an autocatalytic effect on polysaccharide formation. The rate of 
polysaccharide formation is raised considerably by increasing the amounts 
of glycogen added. Cori and Cori find that the effect of added glycogen 
corresponds to that of a coenzyme. In an experiment which contained 
15 mg. of protein per 100 cc , the concentration of glj^^cogen which gives 
one half of maximal velocity was 27.6 mg. per 100 cc. The authors point 
out that one molecule of glycogen (assuming for it a molecular weight 
>250,000) could hardly be bound to om* enzyme molecule. Probably 
many enzyme molecules form one unit of glycogen or starch from units 
of twelve to eighteen glucose molecules. 

The thermodynamics of the conversion of 1-phosphoglucose to 
6-pho8phoglucose is of considerable interest, since this reaction seems to 
be practically irreversible. This means that a phosphorylation of the 
aldehyde group requires at least a couple of thousand calories more than 
a phosphorylation of the 6-hydroxyl group. A direct phosphorylation of 
the aldehyde group with inorganic phosphate, which apparently takes 
place in the oxidation of glyceraldehyde by pyridine enzymes, seems 
hardly possible in glucose, presumably owing to the ‘^Haworth ring.”** 

** Cf. also the missing reaction between hexoses and sulfite. 
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Perhaps the pyrosphosphate energy is of importance also for the formation 
of 1-phosphoglucose. 

Thus the reaction which requires most energy is the phosphorylation 
of glucose to 1-phosphoglucose; the 1-ester thus formed is polymerized 
without cost of energy. It is important to bear this fact in mind, because 
the formation of polymerized products in living systems until very recently 
has been considered as synthesis “par excellence/' 

The Cori-Kiessling equilibrium is, as pointed out in the introduction, 
a clear illustration of a thermodynamically spontaneous polymerization. 
The “expensive" part is the formation of the precursor substance, in this 
case 1-phosphoglucose, which then polymerizes without further cost or even 
with a small liberation of energy. 

A phosphorylation of glucose to glucose-1 -phosphate has so far only 
been demonstrated indirectly in liver slices. Ostern and coworkers (236) 
have found in recent experiments with liver slices that calcium is necessary 
for the synthesis of glycogen from glucose. These investigators are in- 
clined to think that the importance of calcium for glycogen formation is 
due to a depression of the phosphate concentration. 

E, The conversion of fructose to glucose 

The conversion of fructose to glucose takes place with great rapidity in 
the liver. The mechanism of this reaction is not entirely known. In 
alkaline solution a slight and very slow conversion from fructose to glucose 
takes place. It is generally assumed that the conversion of the ketohexose 
to the aldohexosc has to pass an enolic step: 

H— 0=0 

I 

H— C-OH 

I 

Aldo-form 

The conversion of fructose to glucose in the liver is a rather complicated 
process which requires tissue respiration. If, however, the fructose is 
phosphorylated in the G-position, the enzymatic conversion into glucose-G- 
phosphate is a simple reversible process which is catalyzed by a special 
enzyme (Lohmann (180)). 

The equilibrium of the reaction: 

fructose-6-phosphate ^ glucose-G-phosphate 

is approximately two-thirds glucose ester and one-third fructose ester. 
Livpr tissue dephosphorylates the glucose phosphate much faster than the 
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fructose phosphate (53, 92). The phosphorylation of fructose is the only 
step which r(‘quires respiration. 

F. The action of dinitrophenol 

Recjent work in microbiology has brought to light many cases in which 
a metabolite added to bacteria has been synthesized to cell constituents 
simultaneously with an oxidation of another part of the added metabo- 
lite. 

If, for instance, a certain amount of glucose is added to aerobic micro- 
organisms, about one-third to one-half is converted to a cell constituent 
(either sugar, protein, or fatty acid). Clifton and Logan (38) made the 
interesting observation that the addition of dinitrophenol, even in such 
low concentrations as m/16,000, converts the metabolism of the bacteria 
to a pure combustion metabolism, i.c., the oxygen consumption corresponds 
to the complete oxidation of all the glucose added. Recently Douderoff 
(61), in van Kiel’s laboratory, made the important observation that 
pyruvic acid is accumulated in the presence of dinitrophenol; pyruvate 
was isolate^d as the dinitrophenylhydrazine compound. The accumula- 
tion of pyiuvic acid in bacteria poisoned with dinitrophenol is surprising. 
The phenomenon indicates that phosphoglyceric acid formed in the normal 
metabolism is reduced to triose phosphate by pyruvic acid. An inhibition 
of this reduct ion would give a temporary accumulation of the equilibrium 
ester: phosphoglyceric acid phosphopyruvic acid. 

IX. THE SIGNIFICANCE OF PHOSPHOKYLATION IN LIVING CELLS 
A. The occurrence of phosphorylation in living cells 

Most studies on phosphorylations have been carried out in cell juices 
or extracts, where the lack of enzymes or the inhibition of enzymes leads 
to the accumulation of phosphoric esters in such amounts that they can 
be isolated. In tissue slices or intact organs the accumulation of phos- 
phoric esters usually is smaller. In intact muscles very large amounts of 
creatine phosphate and adenylpyrophosphate occur, and in the introduc- 
tion it has been described how this storage of phosphoric esters decreases 
rapidly during contractions. When working muscles are poisoned with 
iodoaeetic acid (m/ 10,000) a marked increase in the amount of hexose 
phosphates takes place (Lundsgaard (185)). Cori and Cori (49) found 
that epinephrine, even in extremely small amounts, when added to muscles 
gives a marked increase in the amount of hexose monophosphate. 

Distinct accumulations of hexose phosphates have also been demon- 
strated in the living yeast cell during the fermentation of sugar (McFarlane 
(193)), in micro6rganisms (306), and in the perfused intestine during the 
absorption of glucose or fructose (Lundsgaard (188)). 

Even in cases where a formation of phosphoric esters cannot be observed, 
such a formation might very well take place. It must be borne in mind 
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that phosphoric esters arc intermediate products in metabolism, just like 
ketone bodies or pyruvic acid, and can therefore not be expected to ac- 
cumulate under normal conditions. This is also illustrated by the experi- 
ments with kidney extract with and without fluoride: in the presence of 
fluoride a large accumulation of hexose diphosphate occurs; in the absence 
of fluoride the accumulation is very small. 

One of the objections against the assumption that hexose phosphates 
are oxidized also in intact cells is based on the observation that tissue 
slices (for instance, brain tissue) utilize glucose but neither hexose mono- 
phosphate nor hexose diphosphate. This phenomenon is, however, ex- 
plained simply by the fact that only free sugars are able to pass the cell 
membrane. Thus the free sugar is the transport form,®^ and the phos- 
phorylated sugar is the form iu which it is oxidized. That sugar also can 
be oxidized in the unphosphorylated form appears from the experiments 
of Muller and of Franke and Deffner (87) with the glucose dehydrogenase 
from molds and those of Harrison with the glucose dehydrogenase from 
liver. 

A number of investigators who held the view that phosphate does not 
play any role in the metabolism of intact cells referred to some important 
observations made by Nilsson and Aim in 1936. 

Nilsson and Aim (231) describe the preparation and properties of a new 
sort of dried yeast which, since it is dried much faster (less autolysis) than 
the ordinary dried yeast (Lebedew yeast), contains more intact enzyme 
systems than the Lebedew yeast and therefore shows a metabolism much 
more like living yeast cells, although the membranes of this dried yeast 
are more or less digested. If glucose is added to ordinary slowly dried 
yeast (Lebedew yeast), the fermentation does not start immediately but 
only after a so-called induction period, presumably because of the slow 
formation of hexose diphosphate before any energy-spending oxidoreduc- 
tion has started. Addition of minute amounts of hexose diphosphate and 
acetaldehyde starts the fermentation immediately (c/. Meyerhof (199)). 
Furthermore, Lebedew yeast accumulates hexose diphosphate according 
to Harden and Young’s equation and requires the extra addition of 
orthophosphate as soon as all the inorganic phosphate has been estcrified. 
Nilsson yeast, on the other hand, has only a very brief induction period, 
ferments glucose more rapidly, and exhibits no accumulation of phosphoric 
ester, thus being independent of the extra addition of inorganic phosphate, 
just like living intact yeast cells. Nilsson and Aim found, in addition, 
that inorganic phosphate, added to a suspension of quickly dried yeast 
(Nilsson yeast), gives no stimulation of the fermentation but even an 
inhibition which, however, does not appear before half of the glucose has 
be^ fermented. Furthermore, the addition of phosphate to Nilsson 

** Peters et al. have shown that vitamin Bi j>enetrates the cell membrane much 
more quickly than does vitamin Bi pyrophosphate. 
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y(',ast gives an accumulation of hexosc diphosphate in the first half of the 
ft'rmontation period. When half of the glucose has been fermented, the 
accumulation of hexose diphosphate culminates. The rather complicated 
observations an? illustrated in curves taken from one of Nilsson publica- 
tions (figure 1, from relerence 231, page 259). The factor which is present 
in Nilsson yeast and which is necessary for the occurrence of an alcoholic 
fermentation of the same type' as that of living yeast (i.e., according to 
the Gay-Lussac equation: glucose = 2 ethyl alcohol + 2 CO 2 ) is very 
th(innolabile and is inhibited by inorganic phosphate. 



t 


Fig. 1. Fermentation of glucose by Nilsson yeast. Total volume « 2 cc.; 200 
mg. of dry yeast; 100 rag. of glucose 0.67 molar phosphate (pH 6.4) added. 0.84 cc. 
of phosphate solution equivalent to 100 mg. of glucose. Temperature, 30®C. Curve 
A, without extra phosphate added; curve B, 0.25 cc. of 0.67 molar phosphate solution 
added; curve C, 0.60 cc. of 0.67 molar phosphate solution added; curve D, 0.76 cc. 
of 0.67 molar phosphate solution added; curve E, 1.00 cc. of 0.67 molar phosphate 
solution added. 


Recently Lipmann observed a very similar phenomenon in maceration 
juice from bakers yeast; here the fermentation proceeds according to the 
Harden ’Young equation until approximately 80 per cent of the phosphate 
is esterified; the fermentation then proceeds according to the Gay-Lussac 
equation without further decrease of the inorganic phosphate, until all 
the sugar is fermented. 

B, The apparent absence of phosphorylation in living yeast 
The phosphate effect discovered by Nilsson and Aim has, as mentioned 
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before, led a number of biologists to believe that phosphorylations do not 
occur in living cells. Nilsson himself did not interpret his observations 
in this direction, however. He assumed that sugar was monophosphory- 
lated and then split into 1 mole of triose and 1 mole of triose phosphate ; 
the unphosphorylated triose was assumed to be the substance which is 
fermented. Nilsson and Aim's observations can, however, also be in- 
terpreted in a quite different way, which has the great advantage of 
making it possible to correlate their findings with the modern concepts of 
sugar oxidation; in particular, with Negelein and Bromel's discovery of 
the diphosphoglyceric acid described in section V. Nilsson and Aim point 
out that the difference between the fermentations in quickly and in slowly 
dried yeast must be attributed to the presence of a phosphatase in the 
first kind of yeast and the absence of this phosphatase in the latter kind. 
The extraordinary thcrmolability of this phosphatase, in connection with 
its sensitivity to high phosphate concentrations, indicates the identity of 
the phosphatase with the so-called adenylpyrophosphatase, i.e., with the 
specific enzyme which (catalyzes the liberation of orthophosphate from the 
organic phosphate ester. The enzyme was first observed in extracts of 
liver tissue (Jacobsen (117)), but occurs also in kidney and muscle tissue. 
This enz 3 rme is not only inhibited by inorganic phosphate (13) but shows 
also an extraordinary sensitivity to even very moderate rises in the tem- 
perature (69). The assumption that adenylpyrophosphatase occurs in 
Nilsson yeast but is absent from Lebedew yeast would therefore be able 
to account for most of the facts. 

Actually, Lebedew yeast and Lebedew juice do not contain adenyl- 
pyrophosphatase; it would be of considerable interest to investigate 
whether rapidly dried yeast contains adenylpyrophosphatase and if addi- 
tion of this enzyme will convert the “juice fermentation" (characterized 
by the conversion of 50 per cent of the sugar to carbon dioxide and alcohol 
and the other 50 per cent to hexose diphosphate) into the fermentation 
type of the living yeast which converts 100 per cent of the sugar into 
carbon dioxide and alcohol.** 

In any case, however, it must be obvious that the large accumulation 
of phosphoric esters observed in different extract systems is an artifact 
due to inhibition or lack of some enzyme systems. 

C, The phosphate cycle 

The classical cycles of Parnas and Meyerhof account for the phenomena 
observed in yeast juice of muscle extracts poisoned with fluoride. For 
every mole of triose phosphate converted into alcohol or lactic acid, 2 

** In order to carry out such an experiment, the adenylpyrophosphatase prepara- 
tion^ which are very impure have to be subjected to fractionation. 
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moles of phosphiite arc used to phosphorylate sugar, which means that 
2 moles of triose phosphate arise per mole of triose phosphate oxidized. 
This gives an accumulation of 1 mole of triose phosphate per mole of lactic 
acid formed or 1 mole of hexose diphosphate per mole of glucose converted 
into alcohol and carbon dioxide, which actually is the Harden-Young 
equation. 

The la(^k of adenylpyrophosphatase in yeast juice means that adenyl- 
pyrophosphate can be dephosphorylated only by a phosphate acceptor, 
such as glucos{\ 

Tlie ncicessity of jdiosphate acceptors for the alcoholic fermentation and 
for the glycolysis in cell-free systems has been very clearly demonstrated 
in the brilliant experiments of Meyerhof.^® These experiments are sig- 
nificant for the intcirpretation of a number of observations where cell-free 
systems ferment unphosphorylated sugars better than phosphorylated 
sugars. M(\verhof (199) showed that the reason why hexose diphosphate 
is not fiTment(*d by Warburg and Christianas purified fermentation system 
is that no phosphate acceptor is present. Geiger (90) found that brain 
extracts ferment glucose and fructose more than ten times faster than the 
corresponding mono- or di-phosphates which, however, are accumulated 
during the glycolysis of glucose and fructose. Recent experiments by 
Ochoa show, however, that brain extracts form large amounts of lactic 
acid, both from hexosemonophosphate and from hexosediphosphate. 
Warburg and Christian (296) observed an interesting effect of glucose and 
fructose on oxidation; the oxidation of phosphohexonic acid proceeds to 
completion only in the presence of fructose or glucose. The nature of the 
action of fructose is unknown. 

It is very likely that in the living cell the same reactions occur as in 
extracts, with the difference that in living cells only 1 mole of phosphate 
is us(k 1 for esterification of sugar per mole of triose phosphate oxidized; 
the other mole of phosphate is libeiated as inorganic phosphate, presumably 
by the activity of adenylpyrophosphatase. This seems also to be the 
case in extracts of brain (Ochoa: J. Biol. Chem., in press). (See diagram 
at top of page 161.) 

If all the phosphate goes back to hexose, 2 moles of hexose diphosphate 
arc formed for every mole of hexose diphosphate fermented ; this will give 
an accumulation of 1 mole of hexose diphosphate per mole of hexose 
diphosphate fermented, i.e., the type of fennentation taking place in 
Lebedew juice and expressed in Harden and Young^s equation. 

” Belitzer (17) has recently demonstrated a marked stimulation of the respiration 
of muscle pulp by creatine, during which creatine is phosphorylated to creatine 
phosphate. This is the first demonstration of what might indicate a compulsory 
coupling between respiration and phosphorylation in animal tissue. 
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D. The ^'hrealc^' in the phosphate cyde 

Needham and Phillai (218) and Meyerhof and coworkers (205) have 
shovm that half of the phosphate taken up in the oxidation can be trans- 
ferred to creatine. The phosphate in the intact working muscle, however, 
is not only transferred to sugar and creatine but also liberated as inorganic 
phosphate, since muscular contraction leads to a great increase in the 
inorganic phosphate and decrease in phosphocreatine. 

As pointed out by D. M. Needham (217) (c/. also Lundsgaard (187)), 
this break in the phosphate cycle very likely represents the transmission 
of the phosphorylation energy to the contractile system. As mentioned 
before, the dephosphorylation of adenylpyrophosphate represents a libera- 
tion of free energy which is larger than most of the biological step reac- 
tions (AH = 11,000 calories per phosphorus atom). It is most unlikely 
that such a large amount of energy should merely be scattered as heat, 
as would be the case if a plain liberation of inorganic orthophosphate took 
place.®®® The only way in which pyrophosphate energy can be used is by 
a primary reaction of the adenylpyrophosphate with the contractile 
protein, myosin.®® Since exhaustion of the adenylpyrophosphate storage 
in the iodoacetate-poisoned muscle is accompanied by rigor (Lundsgaard 
(185)), adenylpyrophosphate dephosphorylation may be coupled to the 
relaxation (recharging) of the myosin system. Thus, there is reason to 
believe that in the living cell adenylpyrophosphate is not dephosphorylated 
directly but through cellular structures, acting as phosphate-transfer 
systems. 

Cf. the discussion of the sugar phosphorylation by pyrophosphate (sec- 
tion V, D). 

Of interest in this connection is the reaction between metaphosphate and 
albumin (Perlmann and Herrmann (243)). Albumin and metaphosphate form, at 
the acid side of the isoelectric p^iint of the protein, a crystalline compound. The 
crystalline metaphosphate-protein is soluble in dilute salt solutions. The meta- 
photphate was found linked to the basic groups of the protein. 
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If we suppose that myosin in the contracted state acts as a phosphate 
acceptor and during the relaxation process as a phosphate donor, then we 
would get an illustration of how^ changes in cellular structures are able to 
‘^regulate"’ metabolic processes. 

The coupled reactions might be illustrated as follows: 

- 2 < 

triose phosphate + phosphate 

"T >*€ 

AF small 


phosphoglycerylphosphate (1) 


phosphoglycerylphosphate + adenosine diphosphate' 


AF small 


phosphoglycerate + adenosine triphosphate (2) 


adenosine triphosphate + contracted myosin 


AF small, but con- 
version of ‘^chemi- 
cal” to “mechani- 
cal” energy 


adenosine diphophate + phosphate + relaxed myosin (3) 


relaxed myosin contracted myosin (4) 


The more contracted the myosin, the greater the “consumption^^ of 
adenosine polyphosphates and the oxidation®^ of triose phosphate. Thus, 
according to these considerations, a contraction of myosin starts the oxida- 
tion of phosphotriose to pyruvate and of the latter to the acetate level. 

The sudden increase in respiration (or, in the absence of oxygen, in lactic 
acid formation) succeeding a muscle contraction is an old observation. 
Recent studies of Millikan (216), who measured the rate of reduction of 
myoglobin in rest and during contraction, show that the increase in oxygen 
consumption appears less than J second after the contraction starts. 

The dephosphorylation of creatine phosphate, the other reaction which 
rephosphorylates adenylic acid, appears much later than the oxygen con- 
sumption. It must, however, be borne in mind that a sensitive method 
for measuring creatine phosphate hydrolysis, corresponding to Millikan^s 
method of estimation of the rate of the oxygen consumption, does not 
exist. 

The modern concept of biological oxidations and phosphorylations will 
probably bo able to give a real chemical explanation of the fundamental 
biological phenomenon that changes in cellular structures as, for instance, 
the contraction and relaxation of myosin, are able to regulate oxidations. 

If carbonyl groups were oxidized according to the old Wieland scheme 


Cf. the experiments of Belitzer (17), showing that the respiration of muscle 
pulp is stimulated considerably by addition of the phosphorus acceptor, creatine. 
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(i.e., by uptake of water, forming carbonyl hydrates which then were 
oxidized to the stable carboxylate structure), the free energy would be 
liberated during the oxidation (c/. table 1) and therefore scattered as heat. 
Such a reaction has a very high degree of irreversibility (167) and the rate 
of such a kind of oxidation must therefore remain unaffected by changes 



Fig, 2. This figure shows how metabolism and changes in myosin might be 
coupled. The balance shows only that when myosin in the muscle contracts and 
relaxes, carbonyl groups are oxidized. The single steps in this cellular coupling can 

be detected only by purification and separation of enzymes. ^0*0, the carbonyl 


/ 


o- 


group of sugars or pyruvic acid; — 0—0, the carboxylate ion of sugar acids, or lower 
fatty acids; — C — O — ^P;~-OH, the carboxyl phosphate of glyceryl phosphate or 

i \h 

acetyl phosphate; Ad — O — P — O — P represents adenosine diphosphate and 

Ad—O — P — 0 — P — O — P represents adenosine triphosphate (the number of neg- 

ative charges is in accordance with Lohmann (182)); F, free energy (the relative 

changes in free energy are arbitrary). — , energy of metabolite; , energy of 

adenine polyphosphate. The electrons (d: 2c) are accepted by the pyridine nucleo- 
tide or furnished by the reduced pyridine nucleotide. 


in cellular structure. One of the important trends at present in enzyme 
chemistry is toward the study of the complex dephosphorylations which 
occur during and after muscular contraction. 

It is hardly necessary to emphasize how difficult and complicated an 
exppimental demonstration of the restitution of myosin by adenylpyro- 
phosphate (reaction 3) will be. Even if a phosphorylation of myosin in 
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vitro should be successfully demonstrated, we are far from an understanding 
of the relaxation process. This process, wliich is supposed to be accom- 
panied by a liberation of phosphate and which represents the conversion 
of ch(;‘mical into mechanical energy, must be connected with a secondary 
structure which stabilizes the ^Tccharged^' myosin.*^* The stimulus is sup- 
posed to proceed in this secondary structure and to abolish the stabilizing 
effect, thus causing an immediate ‘‘discharge’’ in the myosin, 

E. The mechanism of sugar absorption 

It has been postulated that absorption of sugars in intestine and in kidney 
cortex requires a transitory phosphorylation of sugar (186, 282). A 
biological transformation of sugar into a sugar phosphoric acid ester would 
keep th(‘ sugar concentration in the cell at an extremely low level and 
would thercifore permit a steady diffusion of sugar from the intestinal tube 
or kidney tubules into the cell. I'he sugar phosphoric acid ester was 
suppos(‘d to be rapidly dephosphorylated at the other end of the cell, 
making a rapid diffusion of the liberated glucose and phosphate into the 
blood stream possible. This scheme actually illustrates how sugar can be 
transferred from the intestine or kidney tubules to the blood, even in cases 
where the sugar concentration in the intestine or kidney tubules is lower 
than in the blood (120). It has for a long time been known that mem- 
branes which are able to transfer salt or organic compounds against a 
gradient of concentration requires oxygen, apparently bec^ause the absorp- 
tion is coupled witli energy derived from cell respiration. 

Is there any experimental support for the theory that the driving force 
in the absorption of sugars is connected with a phosphorylation-dephos- 
phosphorylation cycle? The enzymes required for such reactions as 
phosphorylation- dephosphorylation actually occur in large amounts in 
intestinal mucosa and kidney cortex. In the animal organism three tissues 
contain large amounts of phosphatases, — the ossification centers in carti- 
lage, the intestinal mucosa, and the kidney cortex. Robison (249) dis- 
covered the occurrence of large amounts of phosphatases in cartilage in 
the phase when the calcification appears. He very clearly demonstrated 
that the function of the phosphatases in this tissue is a precipitation of 
calcium phosphate from the soluble calcium hexosemonophosphate. In 
his monograph (249) Robison discusses the significance of the phosphatases 
in kidney and intestinal mucosa: . . , “the kidney phosphatase may be 
concerned in the normal secretion of phosphates in vivo . . 

On the basis of two well-known facts, Lundsgaard (186) in 1933 advanced 

The so-called “relaxed” or “recharged” myosin corresponds in many respects 
to stretched rubber; the heat capacity is decreased as a consequence of the increased 
orientation (c/. H. Mark and K. H. Meyer). 
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his hypothesis that phosphorylation was involved in the mechanism of 
sugar absorption. He started with the question whether there is any 
connection between (Jf) the occurrence of high phosphatase activity in 
both kidney cortex and intestinal mucosa and the fact that these same 
two tissues absorb glucose. 

A glycoside, phlorhizin, inhibits the absorption of glucose both in kidney 
and in intestinal mucosa and the same glycoside strongly inhibits the 
phosphorylation of polyhexoscs in muscle extracts (186). Later the rapid 
phosphorylation of glucose and fructose in kidney cortex was discovered 
(119) and the action of phlorhizin on this system was demonstrated. The 
phosphorylation system in kidney cortex is actually very sensitive to 
phlorhizin (M/500 gives 80 to 90 per cent inhibition (120)). Recently 
Lundsgaard (188) in perfusion experiments demonstrated a marked ac- 
cumulation of phosphoric esters in the intestinal mucosa when glucose 
and fructose are absorbed. The accumulation of phosphoric esters was 
greatest when fructose was absorbed. The classical work of Cori (43) 
showed that fructose is absorbed more slowly from the intestinal tract 
than glucose and galactose. Since fructose is rapidly phosphorylated, the 
slow absorption of fructose may be due to a delayed dephosphorylation 
(121). This assumption would at least explain the great accumulation 
of hexose diphosphate during an absorption of fructose. It is known that 
both fructose monophosphate and fructose diphosphate are dephosphoryl- 
ated much more slowly than glucose monophosphate. Lundsgaard em- 
phasizes, however, that so far we are unable to decide whether the accu- 
mulation of phosphate esters during sugar absorption is due to the absorp- 
tion or merely represents an increased metabolism. 

Since galactose is so rapidly absorbed from the intestine (43), it would 
be of great importance to demonstrate that a rapid enzymatic phosphoryla- 
tion of galactose takes place in intestinal mucosa. 

Lundsgaard^s hypothesis is supported by microchemical studies of the 
kidney cortex, which show that glucose absorption (288), phlorhizin 
accumulation (63), and phosphatase activity (93) are confined to the same 
structure in the kidney cortex, the proximal tubules. Kidneys without 
a filtration system, i.e., aglomerular kidneys (for instance, from the toad fish), 
contain much less phosphatase than glomerular kidneys from closely related 
species (Kalckar, 1940; unpublished work). 

X. COORDINATION BETWEEN OBSERVATIONS MADE in vitrO AND in vivO 

Is it possible to reconcile the results obtained from enzyme studies 
with those obtained from experiments on living cells? 

The application of results obtained from in vitro experiments to the 
explanation of in vivo phenomena requires very careful consideration. 
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We have, however, numerous illustrations of how sueoessful such attempts 
can be. As pointed out by Green (97), Kcilin^s studies of the cytochromes 
offer a classical example^ of a perfect reconciliation of in vitro and in vivo 
studi(‘s. The first studies of cytochrome by MacMunn and by Keilin 
weni in vivo experiments, in which the absorption lines were observed in 
the wings of insects and in yeast cells. Later studies by Keilin, Theorcll, 
and Ogston and Gre^en showed that the properties of the isolated cyto- 
chrome c are identical with those of the cytochrome in the tissue. The 
demonstrations of flavin and nicotinic acid as the essential components of 
oxidation enzymes (Warburg and collaborators) added greatly to the 
significance of the identification of these two compounds as essential growth 
factors (vitamins). 

The enzymatic experiments of D. M. Needham, Meyerhof, and others 
make it possible to account for almost every chemical process occurring 
in contracting muscl(‘s. The results of Lundsgaard^s investigations of 
normal and iodoacetat(*-poisoned muscles are very well interpreted by the 
recent enzymatic work of Needhani and Meyerhof. 

The use of isotopes in in vivo experiments, introduced in 1924 by Hevesy, 
is of great value for a coordination of “vivo’^ and “vitro^^ results. This 
method is able to illuminate reactions which cannot be detected in vivo 
in any oth(‘r way. 

it has been stated earlier in this review that the use of radioactive carbon 
in enzymatic experiments may revival the pathway of some important 
biological syntheses (photosynthesis; carbohydrate synthesis from lactic 
acid), Th(‘ use of radioactive phosphorus may also be of value in har- 
monizing the results gathered from studies of muscle enzymes with those 
derived from investigations of intact muscle. 

Hevesy and Rebbe (114) showed that radioactive inorganic phosphate 
injected into frogs has enten'd the creatine phosphate fraction after 3 hr. 
at 2°C. to an extent of 49 per cent and at 21®C. to an extent of 78 per cent. 

Korzybski and Parnas (145) injected radioactive phosphate into mam- 
mals and found that an equal distribution of radioactive phosphate be- 
tween inorganic phosphate, creatine phosphate, and adenylpyrophosphate 
in the muscle had been reached 60 min. after the injection. Hevesy and 
collaborators (113) find that the plasma phosphorus enters the muscles 
very slowly. After 3 hr. the plasma still contains twelve times more 
radioactivity per milligram of inorganic phosphorus than the inorganic 
phosphorus fraction in the muscles. The radioactive phosphorus which 
has entered the muscle appears very soon in the phosphorus of the esters. 
This may explain the result of some recent experiments by Sacks (253), 
which disagree with the investigations of Hevesy and Rebbe and those of 
Korzybski and Parnas. Sacks found that 2 hr. after the injection of 
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radioactive phosphorus the creatine phosphate and adenylpyrophosphate 
fractions contain only 10 to 15 per cent of radioactive phosphate (10 to 15 
per cent saturation). 

Sacks analyzes the muscles 2 hr. after the injection of radioactive phos- 
phorus, using very strong preparations. At that time the difference in 
radioactivity per mg. of pliosphorus between plasma and muscle must be 
very great (considerably greater than 12:1) and a small amount of blood 
in the muscle analyzed would increase the radioactivity in the so-called 
inorganic phosphorus fraction in muscle very much.*® This might be the 
whole explanation of the disagreement between the results of Hevesy and 
of Korzybski and Parnas on the one side and those of Siujks on the other. 
It is at least obvious that the possibility of ^^plasma contamination^^ 
must be mentioned and accounted for. 

If the strong radioactivity of the inorganic phosphorus is not duo to 
“blood contamination,'^ the question arises whether the radioactive phos- 
phate is localized in the connective tissue or inside the muscle cell. It is 
at least obvious that Sacks is not justified in rejecting the Embden-Meyer- 
hof scheme on the basis of his experiments. 

XI. CONNECTIONS BETWEEN BIOLOGY AND PHYSICS 

The aim of this review has been not only to collect and coordinate 
knowledge from very different fields, like animal physiology, microbiology, 
enzyme chemistry, organic and physical chemistry, but also to interpret 
all the fundamental biological phenomena from a dynamic point of view. 

The recent revolutionary progress in our understanding of the coupling 
between oxidations and phosphorylations has led to new problems, particu- 
larly in the field of physical chemistry. It has been pointed out previously 
in this review that there exists a great lack of physical data for the different 
states of inorganic phosphate (ortho-, meta-, pyro-, and tri-phosphate). 
It would be of great importance for biologists to have exact physical data 
for pyrophosphate linkages, especially in the light of the recent discoveries 
of the formation of the latter from carboxyl phosphates. Furthermore, 
certain physical methods (for instance, Raman spectra) might be used to 
detect and estimate the very labile carbonyl phosphates which are sup- 
posed to be the reactive form in which carbonyl groups are oxidized in 
biological systems. The branch of physical chemistry which deals with 
the structure of chemical compounds can undoubtedly be of the greatest 
value for biological chemistry. The concept of resonance makes it pos- 
sible to account (lualitatively for a number of fundamental biochemical 
reactions. Quantitative data for the thermodynamic stability of different 

A muscle frozen during or just after a contraction contains, of course, much 
mor^ blood than a resting muscle. 
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typos of ester linkages could probably be obtained from experimental work 
in the field of structural chemistry. 

In any case it would be a very great advantage for biological sciences if 
physicists and physical chemists would pay more attention to the funda- 
mental well-defined chemical reactions which are the driving forces behind 
the various manifestations of life. 

XII. SUMMARY 

The fundamental reactions, oxidation and reduction, are defined as the 
removal of electrons (c) and uptake of electrons, respectively. In organic 
systcims oxidations are usually accompanied by proton (H'^) liberation, 
and reduction by proton uptake. Oxidations are endergonic (+A/^) and 
r(‘ductions are ('xcu’gonic { — AF) in redox systems which have positive 
normal potentials. In hhIox systems with a negative normal potential, 
oxidations an^ exergoriic; and reductions endergonic. Among the metab- 
olites, fatty acids (paraffins, olefins) represent rather positive systems 
lEo (pH 7) slightly positive], while sugars and sugar acids (carbonyl 
(II 2 O), carboxyl) represent strongly negative (reducing) systems. 

Biological systems transfer electrons from negative redox systems (elec- 
tron donors) t.o positive systems (electron acceptors) ; this electron transfer 
takes place in c(‘llular respiration or fermentation. 

In respiration the electron acceptor is obtained from the environment 
in th(‘ form of oxygc'ii; in fermentations the electron acceptor has to be 
formed from the electron (hydrogen) donor. 

The transfer of electrons from donor to acceptor never takes place 
directly but always stepwise through one or several transfer systems. 
The larg(‘r the difference between the normal redox potentials (Eo) of 
electron donor and <*l(*ctron acceptor, the more electron-transfer systems 
are interposed. 

The nature of the i*lectron-transfer systems is known; most essential 
in the electron-transfer system of fermentations is a pyridine compound 
in combination with a specific protein catalyst. oc-Keto acids do not react 
with pyridine compounds but with thiazole compounds. In respiration, 
alloxazine and iron porphyrin compounds are interposed in addition to 
pyridine or thiazole compounds. 

Electron acceptors (double bonds) represent reactive structures, exhibit- 
ing paramagnetic properties. Electron donors, i.e., ordinary metabolites, 
show no paramagnetic properties; these compounds have to be activated 
by some specific protein catalyst. The nature of the action of specific, 
catalytically active proteins is not known, but there is some evidence that 
they decrease the potential barrier between the valence-saturated com- 
pound and the reactive free radical (semiquinone). 
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A number of electron donors (metabolites) cannot be oxidized unless 
orthophosphate is present; this is the case with triose phosphate and 
pyruvic acid. These oxidations were said to be ‘^coupled^^ with a phos^ 
phate uptake, since the phosphate was found in organic compounds after 
the oxidation. The r61o of phosphate in the oxidation of carbonyl groups 
has been revealed recently. It was generally believed that oxidation of 


.H .0- 

-C^ groups to — 


requires the uptake of water: 


. .c/' 

Carbonyl hydrate Carboxylate ion 

Modern enzyme studies have shown that not water but phosphate is taken 
up in the biological carbonyl oxidations: 


/!5L 

^OiH! 



Carbonyl phosphate 


— G-0— P^H 

V) ^OH 

Carboxyl phosphate 


Arsenate can replace phosphate. Two types of carboxyl phosphate have 
been discovered: glyceryl phosphate (isolated as 1 ,3-diphosphoglyceric 
acid) and acetyl phosphate. Both show the same absorption line (m/x 217) 
as acetic acid anhydride (acetyl acetate). The thermodynamic conse- 
quences of the new reactions are far reaching. Thermal data show that 
the reaction 


carbonyl + H 2 O carboxylate" 

~3H+ 


involves a large decrease in free energy, i.e., a large increase in stability, 
due to the formation of the resonating carboxylate structure 



The AF of the reaction 


carbonyl phosphate carboxyl phosphate 

is small, since this reaction has been shown to be easily reversed. Thus 
theireplacement of water by phosphate in the carbonyl oxidation means 
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that the main part of the free energy of the carbonyl group is not released 
but is kept in certain acid anhydrides and transferred to structures where 
it has a chance to be transformed into mechanical work. It has been 
shown that the phosphate of carboxyl phosphates can be directly trans- 
ferred by a specific enzyrnt* to form pyrophosphate compounds (adenosine 
polyphosphat(‘s) ; this reaction is easily reversed, i.e., AF is small. The 
dephosphorylation of the pyrophosphate linkages is known to be one of 
the most strongly exiTgonic biochemical reactions. There is increasing 
evidence that th(‘ dephosphorylatioii of the pyrophosphate compound is 
link('d with the relaxation of contracted myosin, i.e., the recharging of the 
discharg(*d contractile sj^stem. The discharge may “regulate^^ the metab- 
olism of sugar (carbonyl) in the following manner: 

carbonyl + phosphate — carboxyl phosphate — + 2c + 211^ (1) 

carboxyl phosphate + adenosine diphosphate 

carboxylate” + adenosine triphosphate (2) 

adenosine triphosphate + ^'contracted'^ myosin — ► 

adenosine diphosphate + phosphate + “relaxed^’ myosin + (3) 

Since reactions 1 and 2 are reversible reactions, the enzymatic oxidation 
of carbonyl to carboxylatc cannot proceed unless the irreversible reaction 3 
takes place Thus, the amount of ‘‘contracted’^ myosin regulates the 
oxidation of carbonyl compounds. 

The replacement of water by phosphate has also been shown in another 
type? of reaction: namely, the breakdown of polyhexoses (starch and 
glycogen), ("ertain enzymes in the digestive tract catalyze the splitting 
of glycoside linkages by water. These enzymes (diastases, amylases) 
hydrolyze starch and glycogen to glucose. The reaction is practically 
irreversible, i.e., addition of glucose to this enzyme does not yield any 
detectable amount of polyhexoses. 

In the tissues glycogen is broken down not by a hydrolysis but by a 
phosphorolysis, i.e., phosphate breaks the glycoside linkages of the poly- 
hexose, and 1-phosphoglucose is formed as a primary product. The 
reaction 

polyhexose + phosphate 1-phosphoglucose 

is very easily reversed; addition of 1-phosphoglucose to the specific enzyme 
(phosphoryhise) immediately yields large amounts of polyhexose. 

Thus, the replacement of water by phosphate converts strongly exer- 
gonic reactions like oxidation or the splitting of glycoside linkages, to 
nearly energy-neutral reactions. 

We are now able to perceive clearly that the “expensive” steps in the 
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biological reduction of acids to aldehydes or in the biological polymeriza- 
tion of monohexoses to polyhexosos are not the reduction proper nor the 
polymerization but the formation of energy-rich phosphorylated precursors 
(i,e., carboxyl phosphate and 1-phosphoglucose, respectively). 

The great progress made in the last three or four years is mainly attribu- 
table to the isolation and identification of these precursors and to the 
separation and isolation of the specific protein catalysts. 
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publication of this material, part of which has be(ui delivered in seminars 
at the California Institute of Technology. 

Dr. C. D. Coryell, Department of Chemistry, University of California, 
Los Angeles, has been so kind as to undertake an examination of this 
paper, in particular of the physical-chi^mical sections. I am very thankful 
to Dr. Coryell, not only for his careful examination but also for his brilliant 
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sion of some of the most fundamental problems in this review. 

My thanks are due to Prof. Henry Borsook and Prof. Hugh M. Huffman, 
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As early as the thirteenth century Marco Polo^ wrote about one section 
of western China: 

Throughout all the mountainous parts of it the most excellent kind of rhubarb is 
produced in large quantities, and the merchants who come to buy it convey it to all 
parts of the world It is a fact that when they take that road, they cannot venture 
amongst the mountains with any beasts of burden excepting those accustomed to the 
country, on account of a poisonous plant growing there, which, if eaten by them, has 
the effect of causing the hoofs of the animals to drop off. Those of the country, 
however, being aware of its dangerous quality, take care to avoid it. 

About six centuries later, stockmen in some sections of the Great Plains 
described symptoms similar to those related by Marco Polo. Prior to 
the settlement of the western part of the Great Plains area, Madison (119), 
a surgeon in the United States Army, described cases of sickness in cavalry 
horses when they ate native vegetation along the Missouri river near the 
present boundary between South Dakota and Nebraska. 

When stockmen moved into some regions they were unable to graze 
livestock without losses; later, farmers had the same experience with the 
grains and forages produced on their farms. At first the reports of a 
strange malady of livestock received little attention, but after many years 
the numerous pleas for aid were recognized and several agricultural experi- 
ment stations undertook to determine the cause. 

The investigations which culminated in the discovery of selenium as the 
etiological agent were largely carried out by Dr. Kurt W. Franke, who 
began studies at the South Dakota Agricultural Experiment Station in the 
fall of 1928. Franke observed the symptoms of poisoning in farm animals 
and obtained numerous feed samples from those regions where the poison- 
ing was more severe. When he tested these feeds with laboratory animals, 
he soon showed that the feeds contained a poison and that the observed 
symptoms of poisoning were not due to the water, as many farmers and 
stockmen believed. All grains and forages grown on some farms were 
extremely toxic. 

When the problem was called to the attention of the United States 
Department of Agriculture in 1932, several bureaus became actively 
interested. Because the symptoms of poisoning indicated a metallic 
poison, a systematic search for trace elements was made of a sample of 
grain which Franke had found toxic by bioassay. This led to Robinson’s 
(156) discovery, in 1933, of the presence of selenium. 

All of the cereal samples which Franke (57) found to be toxic by bioassay 
with rats contained selenium. The protein of the cereal grains carried 
most of the poison (58), and the selenium was confined chiefiy to the 

1 The Travels of Marco Polo^ edited by Manuel Komroff, Chapter 43, page 81. Boni 
and Liveright, New York (1926). 
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protein. Selenium was detected in the soil of all known regions where 
toxic grain grew, but there was still a possibility of the presence of other 
poisons. In some seleniferous plants Beath, Eppson, and Gilbert (9) 
found molybdenum and tellurium, and Byers (28) reported chromium, 
vanadium, and arsenic in a seleniferous soil. The first biological evidence 
to indicate that selenium was the sole causative agent was the production, 
by the addition of sodium selenate and sodium selenite to an otherwise 
normal diet, of symptoms in the rat (Franke and Potter (68)) which 
appeared identical with those produced by the natural toxicant. By 
injection of selenium salts into hens’ eggs, Franke, Moxon, Poley, and 
Tully (62) caused the development of monstrosities similar to those previ- 
ously found in chick embryos (71) from eggs laid by hens which had been 
fed toxic grains. Franke and Painter (64) removed nearly all of the 
selenium from a hydrolysate of a seleniferous protein and then found the 
hydrolysate to be non-toxic when fed. 

B. THE TOXICITY OF SELENIUM 

I. General 

Franke, Rice, Johnson, and Schoening (70) have described the symptoms 
of the chronic selenium poisoning, — usually called ‘‘alkali disease”, — of 
farm animals. All animals lose weight and appear emaciated. There is 
loss of hair from the mane and tail of horses, from the switch of cattle, and 
from the body of swine. In severe cases there is a discontinuity in the 
growth of the hoof, which is followed by a sloughing-off of the old hoof. 
Post-mortem examinations reveal severe lesions at the joints, which 
probably explain the lameness. Chick embryos are deformed, especially 
in the upper beak, so that eggs frequently fail to hatch. This chronic 
type of poisoning rarely causes death except in young animals, but the 
economic losses to farmers are large. 

Symptoms which appear to be due to acute selenium poisoning were 
described by Draize and Beath (41). This toxicosis is sometimes called 
“blind staggers,” because the animals lose control of their voluntary 
muscles. There are reports of enormous losses of livestock from a single 
feeding of toxic vegetation. Although the reviewer is aware that some 
plants contain large quantities of selenium, observations of the effects of 
feeding seleniferous feeds to laboratory animals makes it seem incredible 
that an animal would voluntarily ingest enough at one time to develop 
acute poisoning. 

Presumably the chronic type of poisoning is the result of prolonged inges- 
tion of forages and grains containing from 10 to 30 p.p.m.* of selenium. 


f p.p.m. a- parts per million. 
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Thcfie are levels often found in grasses (124) and in farm crops in selenifer- 
ous areas. A few plants, howevei (part I, C), may accumulate several 
thousand p.p.m. of selenium. In some sections in and around the Rocky 
Mountains, several of these range plants are eaten by livestock. In 
addition to selenium, some of these plants contain organic poisons which 
may contribute to the acute symptoms sometimes noted in range stock. 

Of the numerous n^ports on the toxicosis produced by selenifcrous diets 
in experimental animals, Franke and coworkers (57, 64, 66, 67, 68, 69), 
Muns(41, D(‘vaney, and Kennedy (138), and others have studied the effects 
on the rat. Franke (57) found that diets which contained from 70 to 82 
per cent of toxic grains killed about 70 per (;ent of young rats by the 
sixti<‘th day of ingestion. Analysis (66) showed that most of these grains 
contained from 25 to 30 p.p.m. of selenium. In general, the animals 
failed to grow, r(\stricted their food intake, frequently became jaundiced, 
and after several weeks developed anemia (67, 68). Autopsy revealed 
hemorrhages, lesions at tlie joints, necrotic livers if the rats wore on a 
sclenif(*rous diet for an extended period, and, frequently, enlarged spleens. 
Death was oftim caused by internal hemorrhage. 

The results of feeding seleniferous diets to poultry have been reported 
in numerous papers by Franke and Tully (71, 178) and Poley, Moxon, 
and Franke (149). 

A few pai)ers have* appeared on the accumulation, detoxification, and 
elimination of selenium (138, 130, 136, 165). Large quantities of selenium 
are found in the liver, kidneys, and spleen with lesser amounts in other 
organs and tissues. Selenium is eliminated primarily through the kidneys, 
but some may be exhaled. 

2, Different sources of selenium 

Selenium from different sources is not equally toxic. When the results 
of feeding seleniferous diets to rats were summarized, Franke and Painter 
(66) found the order of toxicity of selenium from several sources to be as 
follows: wheat > corn > barley > sclenate > selenite > selenide > metal- 
he selenium. There was little difference in the toxicity of selenium in 
cereals, but these were definitely more toxic than inorganic selenium salts. 
From the data of Smith, Stohhnan, and Lillie (164) it would appear that 
selenite is more toxic than selenate. Since the chemical evidence indicates 
that selenium in plants is in organic forms (part IV), the toxicity of di- 
selenodiacetic acid, selenodiacetic acid, /3,/5'-diselenodipropionic acid, 
/3-selenodipropionic acid, dibenzyl diselenide, /3-seleninopropionic acid, and 
n-propyLseleninic acid was compared with that of selenite by Moxon, 
Anderson, and Painter (130). None of the organic compounds was as 
toxic as selenite, but they produced similar symptoms of poisoning. 
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Evidence that selenium in cereals is more toxic than selenite may be 
found in the data of Schoening (159) and of Miller and Schoening (125), 
in addition to the results of Franke and Painter (66). Although com, 
with 10 p.p.m. of selenium, produced symptoms of poisoning in swine, 
much larger quantities of selenite were tolerated. 

Not all species react similarly to selenium. It has been observed on 
farms and in the laboratory that adult animals are less susceptible to 
selenium poisoning than younger animals. Treleasc and Trclease (175) 
presented evidence that some insects are so resistant to the poisonous action 
of selenium that they thrive on food sources which would be fatal to most 
animals. 

Dudley (46) has found selenium oxychloride to be toxic when applied 
to the skin. As little as 0.01 ml. caused death in rabbits and third-degree 
bums when applied to the skin of man. Concentrations of hydrogen 
selenide in the air as low as 0.02 mg. per liter killed guinea pigs within 25 
days (49) on exposure for 60 min ])er day. 

Franke and Moxon (61) have compared the toxicity of orally ingested 
selenium as Na2Se03 and Na2Se04 with that of arsenic as Na2HAsOa, of 
molybdenum as (NH4)6Mo7024, of tellurium as Na2Te03, and of vanadium 
as NaVOs. Wlien compared at equal weights of the elements, none of the 
salts was as toxic as selenium. Martin (122) found that tellurium was 
less toxic than selenium to animals and plants. 

S. Injection of lethal doses of selenium 

Several papers have appeared on the results of the injection of selenium 
compounds. These are summarized in table 1. 

The results from different laboratories arc not exactly comparable, be- 
cause the terms ^^minimal lethal dose^^ or ‘minimal fatal dose^' are often 
not rigidly defined. In spite of this, the variations in the results on the 
same species with the same sources of selenium cannot be explained by the 
different methods of injection, by the difference in the percentage of 
mortality, or by the time allowed to elapse before death. Regardless of 
these differences, the data show more clearly than the results of oral feeding 
that some species of animals are more resistant to selenium poisoning than 
others and that there is a great difference in the toxicity of different sele- 
nium compounds. The high resistance of cattle and swine to selenium is 
surprising, because on farms both species often show marked symptoms of 
poisoning. It seems doubtful if the drench method is a true measure of 
tolerance to selenium in cattle, because absorption from the rumen is 
slow and in the presence of organic material some reduction of selenite 
would be likely to occur. 

Shortly £rfter the injection of lethal doses of selenium (60), animals 
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exhale an odoriferous (garlic-like) compound which Hofmeister (89) 
reports to be methyl selenide; the eAudence for its being methyl selenide is 

TABLE 1 


T'ozicity of single doses of selenium 


BOtJBCK OF 
SBLBNIUM 

ANIMAL 

UBSD 

FATAL DOSE 
IN MILLI- 
GRAMS OP 
SELENIUM 
PER EILO- 

QRAM OF 
BODY 
WEIGHT 

NUM- 

BER 

OF 

ANI- 

MALS 

METHOD OF 
ADMINISTRATION 

OBSERVERS 

REFER- 

ENCE 

NaaStOs 

Rat 

5 7 



Muehlbeyer and 

(137) 






Schrenk 


NaaScOa 

Rat 

3 25 3 50 

155 

Intrapentoneal 

Franke and Moxon 

(60) 





injection 



NaaSeOa 

Rat 

3 0 

45 

Intravenous 

Smith, Stohlman, 

(164) 





injection 

and Lillie 


NajSeOj 

Rabbit 1 

1 5 

9 

Intravenous 

Smith, Stohlman, 

(164) 





injection 

and Lillie 


NaaSeOa 

Rabbit 

0 9 



Muehlbeyer and 

(137) 






Schrenk 


N RaSeOa 

Horse 

<4 4 

5 

Stomach tube 

Miller and Williams 

(126) 

NaaSeOa . 

Mule 

3 3=t 

3 

Stomach tube 

Miller and Williams 


NaaSeOa 

Cow 

11 Odb 

5 

Drench 

Miller and Williams 


NaaSeO, 

Pig 

^5 0=fc 

5 

Drench 

Miller and Williams 


NaaSeCh . . 

Rat 

4.3 



Muehlbeyer and 

(137) 






Schrenk 


Na2Se(34 

Rat 

5 25-5.75 

90 

Intrapcritoneal 

Franke and Moxon 

(60) 





injection 



NaaSeOa . 

Rat 

3.0 

37 

Intravenous 

Smith, Stohlman, 

(164) 





injection 
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NaaSe04 

Rabbit 

2. 0-2, 5 

16 

Intravenous 

Smith, Stohlman, 






injection 
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Colloidal 







selenium 

Rat 

6 0 



Muehlbeyer and 
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Organic 







selenium 







compounds. 

Rat 

20-40 
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Moxon, Anderson, 

(130) 





injection 

and Painter 
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selenium 







compounds. 

Rat 

>25 
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Moxon 

(129) 





injection 



d,i-Seleno- 







cystine . 

Rat 

4.0 

65 

Intraperitoneal 

Moxon 

(129) 





injection 




far from convincing, as Schultz and Lewis (160) point out. The reviewer 
cannot distinguish the odor from that of hydrogen selenide. Respiration 
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becomes increasingly difficult and the animals die gasping for breath. In 
some cases there is complete anesthesia just before death, but in other 
cases there is a convulsive struggle. Loss of fluid from the blood into the 
abdominal and thoracic cavities may cause the hemoglobin level to reach 
30 g. per 100 ml. of blood (68). 

Franke and Moxon (60) injected the same salts of arsenic, molybdenum, 
tellurium, and vanadium as were fed orally (61). At equal weights of the 
clement, the salts decreased in toxicity in the following order: tellurite, 
selenite, vanadate, arsenite, selenate, arsenate, tellurate, and molybdate. 
There was a much greater difference between the toxicity of tellurite and 
tellurate and of arsenite and arsenate, than hetw^een that of selenite and 
selenate. Molybdenum, which Beath, Eppson, and Gilbert (9) found 
to be taken up by plants in quantities which produced symptoms of poison- 
ing in animals, was non-toxic at the levels injected (160 mg. per kilogram of 
body weight) and when fed (61). 

4- Selenium in human nutrition 

Several papers on the possibility of selenium poisoning in humans have 
appeared. The discovery of the presence of traces to as high as 1 p.p.m. 
of selenium in the urine of the majority of people living in highly selenif- 
erous areas at first appeared alarming. From the data of the first survey. 
Smith, Franke, and Westfall (163) found no symptoms which could be 
considered pathognomonic of selenium poisoning in man; later, Smith and 
Westfall (166) believed they had evidence that selenium caused gastric or 
intestinal dysfunction, and possibly hepatic dysfunction, in some sections. 
These findings are not surprising where locally grown food supplies a large 
proportion of the diet. Meat, milk, eggs, and ^^egetables may contain con- 
siderable quantities of selenium when produced on farms in the selenif- 
erous areas. Manville (120) emphasizes the potential danger of selenium- 
bearing foods to public health. 

Dudley (47) stresses the potential danger of selenium injury in industrial 
operations, particular!}^ in copper refining. He describes, as did Hamilton 
(87), symptoms of poisoning presumably caused by the inhalation of 
hydrogen selenide, selenium dioxide, and other selenium compounds. 
The concentration of selenium in the urine of industrial workers showing 
marked pathological symptoms (44) was less than one-tenth of that of 
many human urines (163) taken in seleniferous areas. Elimination of 
inorganic selenium taken into the lungs may be more rapid and follow 
other pathways than organic selenium taken orally, but these results are 
difficult to explain in view of the recorded evidence that selenium in food- 
stuffs (66) is more toxic than inorganic selenium. Hydrogen selenide is 
volatile and it may be very toxic when inhaled. Franke and Potter (68) 
found sodium selenide much less toxic to rats than sodium selenate or 
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sodium selenite when fed, but it is likely that some oxidation of selenide 
to elemental selenium occurred before absorption. 

In this connection one might describe the symptoms observed by the 
reviewer from a single inhalation of hydrogen selenide in high concentra- 
tion, which passed about 4 in. along the nasal passage. As the vapors 
traversed the nasal passages there was a metallic sensation, somewhat 
like that produced by a silver nitrate spray. After a brief sensation of 
intoxication, no ill effects were felt for about 4 hr. Then a copious dis- 
charge of mucous from the nasal passages began. This persisted, with 
violent sneezing similar to the symptoms of a severe head cold, for 3 or 4 
days. No ill effects were noted later. The author has never had * ^sele- 
nium breath,^’ which is rumored to result from working with selenium 
compounds. 

5. Action of selenium in the animal body 

Little is known of the mechanism of selenium poisoning. It inhibits 
carbon dioxide production during yeast fermentation (132), as well as the 
oxygen uptake of yeast cells (152). Selenite readily oxidizes sulfhydryl 
compounds, forming disulfide and an unstable RS — Se — SR compound. 
With sulfhydryl (compounds the reaction may take three courses : 

O 

2RSH + SeOs ^ RS~~-le-"SR + H 2 O (1) 

4RSH + Se02 > RS— Se~SR + RSSR + 2 H 2 O (2) 

4RSH + Se02 > 2RSSR + Se + 2 H 2 O (3) 

The reviewer (unpublished w^ork) has obtained an amino acid from the 
action of selenite on cysteine; this acid is thought to be 

HOOCCHCHjS— Se— SCHoCHCOOH 

I I 

NH2 NH2 

In every preparation isolated, the mole S:Se ratio was slightly greater 
than 2, owing to the presence of some cystine. Separation of compounds 
of the type RS — Se — SR from disulfides is difficult, because of the insta- 
bility of the former. Metallic selenium separates from solution, — but more 
rapidly from basic than from acidic solutions, — to form the disulfide. 
Bersin (18), who prepared the compound HOOCCH 2 S — Se — SCH 2 COOH 
from thioglycolic acid and selenite, believes that a similar unstable com- 
pound forms with glutathione. Seleninic acids will also reduce sulfhydryl 
compounds to disulfides (unpublished work), but no addition compound has 
been isolated. 
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It does not seem improbable that selenite or seleninic acids inhibit cer- 
tain enzymatic reactions dependent upon reversible sulfhydryl disulfide 
changes and those systems which require the presence of free sulfhydryl 
groups, i.e., succinic dehydrogenases. In addition to the chemical studies, 
Dubois, Rhian, and Moxon (43) find that glutathione when injected will 
protect rats from doses of selenite which will normally cause death. Sele- 
nium in its natural forms in plants must react in a manner different from 
selenite, because the chemical evidence (part IV) indicates that it is in 
the reduced form. 

The ability of some proteins, when fed at high levels, to counteract the 
chronic symptoms of selenium poisoning in rats was observed by Moxon 
and has been further studied by Gortner (84a) and by Lewis, Schultz, and 
Gortner (1 18a). This protective action of some proteins cannot at present 
be ascribed to any particular amino acid of the proteins. Not all “com- 
plete proteins^^ are effective. In some cases methionine, — ^but not cystine, 
-“-supplements (118a) to diets were as effective as high protein, but with 
other proteins (84a) methionine was not beneficial. 

Recently Moxon and Dubois (13 J) and Dubois, Moxon, and Olson (42) 
have shown that small amounts of arsenic will alleviate the toxicity of 
selenium to animals. The exact rdle of arsenic seems very obscure. 

C. SELENIUM IN SOILS AND IN PLANTS 

Byers (29, 30, 33), Beath and coworkers (8, 11, 12, 111), and Moxon 
and coworkers (133, 134) have shown that selenium occurs in rocks and 
soils from the Niobrara, Pierre, Steele, Benton, and other geological 
formations. The most complete studies of certain formations, those by 
Moxon et al. (133, 134), have shown that the selenium content varies in 
certain members of these formations, so that highly selcniferous areas may 
be predicted from the geological formation. It is generally stated that 
selenium was deposited during the Cretaceous period, but Beath and 
coworkers (11, 12, 111) find highly selenized soils geologically much older 
than Cretaceous. After studying the selcniferous soils of Hawaii, Byers, 
Williams, and Lakin (34) suggested that the selenium in soils is of volcanic 
origin. Selenium in volcanic emanations may be a primary source of 
selenium in soils, but the work of Moxon, OLson, and Searight (133) indi- 
cates that the selenium in soils of the continental United States is of marine 
origin. 

The surveys conducted by Byers (29, 30, 33) have revealed seleniferous 
areas extending west from the western Dakotas, Nebraska, Kansas, and 
Oklahoma to the coast states. One must not gain the impression that the 
entire area, most of which is marginal agriculturally, is seleniferous. 
TIhere are, however, sections which are producing seleniferous crops, or are 
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potential producers, because there is selenium in the soil. As many agri- 
cultural sections in this country are underlaid with seleniferous formations 
which hav(i be(‘n covered with glacial drift, it was concluded that glaciated 
areas were free from seleniferous plants. Recently, Byers and Lakin (32) 
pointed out a large area in western Canada and in the northwestern United 
Stat(*s which was glaciated but which produces highly seleniferous plants. 
Analysis by Robinson (157) of crops from various parts of the world showed 
that seleniferous areas are widespread over the surface of the earth. 

Riv(‘rs and ground waters rarely contain detectable amounts of selenium. 
Waters of the Colorado river and its tributaries are free from selenium 
above diversion points (33, 183), but from the points where the drainage 
from irrigated lands is put back into the river the selenium concentration 
increases. 

Sekiiiium is found in much the same mineral deposits (170) and soil 
formations as those where sulfur abounds. Jn this connection the presence 
of selenium in deep sea deposits (133, 182), in sea water (84), and in 
meteorites (31, 170) is of interest. 

The amount of selenium absorbed by plants is dependent more on the 
availability of the compounds of selenium than on the selenium content 
of the soil. The forms of selenium generally considered to be present in 
soils are as follows: (i) elemental, (^) pyritic or selenidc, (S) selenite, (4) 
selenate, and (J) organic. Very little is in the elemental form (33). In 
sulfide ores, usually iron pyrites (161), selenium is often present in high 
concentrations, but the selenium in pyritic concretions of soils is not an 
important direct source of selenium in plants. Since (i) much of the 
selenium in seleniferous soils is very insoluble, (^) seleniferous soils are 
highly ferruginous, and (5) very insoluble compounds of selenium form 
with selenite and ferric iron (170), Williams and Byers (184) have con- 
cluded that a major portion of the selenium in many soils is present as an 
insoluble basic iron selenite. When they (184) precipitated compounds 
of ferric selenite from dilute solutions of ferric chloride and sodium selenite, 
the composition varied with the Se : Fe ratio. Some of their preparations 
had a composition which could be approximately defined by the formula 
Fe2(0n)4Se08, but in all of their work the Se:Fe ratios were many times 
greater than the Se:Fe ratios in soils. As supporting evidence for the 
presence of selenate (probably as CaSe 04 ), Williams and Byers (184) 
found that the water-soluble selenium in soils was reduced to elemental 
selenium by the same methods which reduce selenate. Olson and Moxon 
(141) presented data to indicate that a considerable quantity of organic 
selenium occurs in soils. Humus may contain approximately 40 per cent 
of the selenium in some soils. 

Before selenium can be taken up by plants, it must be present in available 
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soil forms. There is a great difference in the availability of different com* 
pounds. Moxon, Olson, and Searight (133) grew plants on a non-selenif- 
erous soil to which selenium was added at the rate of 2 p.p.m. from the 
following sources: Na 2 Se 04 , CaSe 04 , Na^eOs, Fe(OH)SeOs (approximate 
composition), FeSe, and organic selenium (a water extract of Astragalus), 
Selenium was taken up from selenates in large amounts and from selenites 
in moderate amounts; from iron selenide and from organic selenium there 
was no absorption of selenium by some cereals and only a very small 
amount by Astragalus, The results with selenites did not support 
Byers* contention that selenium is relatively non-available in basic ferric 
selenite. He accounted for the fact that plants growing on moderately 
to highly selenif erous soils in Hawaii and Puerto Rico have not been found 
to contain over 3 p.p.m. of selenium (112), by assuming that the selenium 
is in the form of an exceedingly non-available basic ferric selenite. Ob- 
viously the composition of a soil is an important factor in the availability 
of different compounds of selenium. Selenite may be firmly bound in 
soils, as Franke and Painter (65) were unable to electrodialyze all of the 
selenite added to a suspension of a seleniferous soil. Apparently sufficient 
time was not allowed by Moxon, Olson, and Searight (133) for bacterial 
decomposition of the organic selenium compounds, because Beath et al, (10) 
have found these forms of selenium available to plants. 

Presumably areas of high rainfall are relatively free of danger from 
poisonous quantities of selenium in plants, even though the soils are 
seleniferous. The percolating action of water would remove the more 
available soluble selenium salts and soluble organic compounds. The 
selenium would ultimately find its way to the sea. Most soils producing 
seleniferous crops are immature because they have weathered slowly. 

Concomitant with the available selenium in soils is the variable capacity 
of different plants for absorbing selenium. Cereal grains are moderate 
absorbers of selenium (124) but rarely contain more than 30 p.p.m. Of 
the plants in the seleniferous areas, some native grasses absorb the least 
amount of selenium. A few plants, — notably some species of the genera 
Stanley a, Odnopsis, Astragalus ^ and Xylorrhiza ^ — often accumulate several 
thousand parts of selenium per million. The selenium contents of a group 
of plants and of the soils upon which the plants were growing are shown in 
table 2. These results were taken from tables in numerous publications 
from the laboratories of Franke and Moxon, of Byers, and of Beath. The 
soils are in the seleniferous areas of the continental United States and range 
from what may be considered highly seleniferous to mildly seleniferous. 

The data show the wide variations in the absorption of selenium by 
different plants and the variations which occur between the selenium con- 
tent of the plant and that of the soil upon which the plant was growing. 
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Presumably the differences were due primarily to different selenium com- 
pounds in the soil. The last three species, commonly called indicator 
plants, have the capacity of absorbing selenium from forms only slightly 
available to the other plants. Beath, Eppson, and Gilbert (10) found that 
Astragalus would absorb selenium from soils artificially selenized by 
elemental selenium. 


TABLE 2 

Selenium content of plants and of soils 


VBQETATION 



Soil 

Plant 

Wheat 

p p.m. 

12 0 

ppm. 

40 

Corn 

3 6 

10 

Barley 

3.1 

22 

Alfalfa 

2 0 

12 

Sweet clover 

9 0 

50 

Western wheat grass 

13 0 

10 

Blue gramma 

6 0 

4 

Little blucstem 

9 0 

1 

Mixed native grasses 

20 4 

47 

Russian thistle 

3.0 

3 

Sunflower 

3 0 

12 

Wreath aster 

8 0 

I 130 

Woody aster 

3 5 

5390 

Stanleya pinnata 

20.4 

1252 

Oonopsis condensata 

20 4 

3250 

Astragalus racemosis 

27 0 

1160 ! 

Astragalus racemosis 

21 0 

^ 4100 

Astragalus bisulcatus 

20.4 

2590 

Astragalus bisulcatus 

8 1 

5330 

Astragalus pectinatus 

8 0 

1330 

Astragalus pectinatus 

5 0 

1980 


BBLBNIUM CONTBMT 


Soil 

Plant 

Soil 

Plant 

Soil 

Plant 

ppm. 

p p.m. 

p.pm. 

p.p.m. 

p.p.m. 

p.p.m. 

3 5 

40 

3 1 

25 

1.5 i 

4 

3 1 

23 

2 0 

1 

0 3 

0 

2 5 

10 

20, 

12 

1 0 

1 

1 5 

60 

0 7 

1 

0 5 

25 

2 0 

3 

1 5 

25 

1.5 

1 

5 5 

30 

0 7 

12 

0 5 

25 

3 5 

2 

2.0 

2 

0 2 

0 

4.0 

5 

3 5 

1 

1 0 

0 5 

6.0 

3 

3 0 

1 

0.5 

3.5 

2.0 

12 

1.0 

40 

0 7 

1 3 

0 7 

7 

0 7 

4 

0.6 

1 

4 0 

! 7 

1.0 

210 

0 3 

1 

2 0 

200 

0 7 

120 

0.3 

6 

5 0 

470 

4 0 

1070 

1.0 

20 

8 1 

664 

3 5 

9120 

1 5 

850 

10 0 

i 1690 

5 0 

5560 

2.5 

60 

6.1 

2700 

5.0 

690 

0.7 

920 

3.0 

170 

2 0 

2120 

0 8 

3030 

2 5 

590 

1.5 

3140 

0.7 

100 

3 5 

4000 

2.5 

2270 

1 5 

3890 

3.0 

2590 

2 0 

2120 

0.2 

840 


Recently Beath, Eppson, and Gilbert (12) have used the occurrence of 
selenophilic indicator plants to locate seleniferous soils throughout the 
country. Sufficient data have been presented to warrant the conclusion 
that these indicator plants abound on most seleniferous soils. Selenite and 
selenate (93) are toxic to many plants, but it is doubtful if the concentra- 
tions in soils are great enough to explain the absence of these plants on 
some seleniferous soils. Since Trelease and Trelease (176) find selenium 
to be a stimulating and possibly an essential element in the metabolism of 
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some species of Astragalus^ it may be that the indicator plants compete 
more successfully with other plants when growing on seleniferous soils. 

Indicator plants are potential accumulators of available selenium in 
soils. Beath et aL (10) have shown that, whereas only indicator plants 
absorb large quantities of selenium from raw shales, the selenium from these 
plants is readily taken up by other plants, either as soluble organic com- 
pounds or after bacterial decomposition and oxidation to inorganic salts. 
Thus the soils are enriched with available selenium through countless 
cycles of growth and decay by these converter plants. 

D. SELENIUM AND SULFUR IN FLAM’S 

Because of the similar chemical properties of selenium and sulfur, con- 
siderable speculation has appeared in the literature as to whether or not 
selenium compounds analogous to those of sulfur occur naturally in 


TABLE 3 

Selemum and sulfur in plants 


CROP 

SULPUB CONTBMT 

SniiSNlUll CONTBlfT 


per cent 

percent 

Cabbage 

2.99 

0.0620 

Black mustard . . 

1.97 

0.0470 

Flax 

1 32 

0.0358 

Vetch 

0 77 

0.0150 

Wheat 

0.84 

0.0225 

Soybean.. 

0 61 

0.0140 

Corn .... 

0.42 

0.0075 


seleniferous plants. Aside from the analogous chemical behavior, some 
studies of plant metabolism have indicated a relationship between these 
elements. 

As early as 1880, Cameron (35) found that plants would absorb selenium 
and suggested that it might replace sulfur. Hurd-Karrer (94, 96) has 
found that, in general, plants which absorb large quantities of sulfur absorb 
large quantities of selenium. A few analyses of young plants reported by 
Hurd-Karrer (96) are shown in table 3. 

From the enormous quantities of selenium absorbed by indicator plants, 
it would seem that the absorption of selenium is out of proportion to the 
available sulfur and selenium in the soil, but when grown under experi- 
mental conditions Astragalus bisidcatuSf a wild legume, absorbed selenium 
and sulfur in a ratio consistent with that found in other plants of the 
same genus. 

The discovery that sulfate or elemental sulfur (93) would diminish 
splenium injury to plants and reduce the quantity of selenium absorbed 
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was received with considerable enthusiasm. Hurd-Karrer’s (93, 94) re- 
sults indicated a definite antagonism between the two elements, because 
the absorption and toxicity was dependent upon the S : Se ratio in the nu- 
trient solution. Martin (121) found less inhibition by sulfur of the 
toxicity of selenium to plants than did Hurd-Karrer in artificially selenized 
soils, and Frankc and Painter (65) were unable to reduce, by the applica- 
tion of sulfur, the abson^tion of selenium in crops grown on naturally 
seleniferous soils. Sulfur was without effect when the source of the selenium 
in the soil was seleniferous Astragalus (10). Most seleniferous soils are 
abundant in gypsum. Olson and Moxon (141) believe that the forms of 
selenium in soils have a much greater influence on the absorption of sele- 
nium than does the sulfate content. 

The divergent results from several laboratories find explanation in later 
studies by Hurd-Karrer (95, 97), in which she shows that injury by selenate 
and absorption of selenium decreased progressively with increased sulfate 
concentrations, but that, with selenite, sulfate was effective over limited 
changes in concentration. High sulfate concentration did not reduce the 
selenium in plant tops when selenite was the source of selenium. Thus 
with analogous compounds, — i.e., selenate and sulfate, — there is a definite 
relationship in the absorption which depends upon the concentrations. A 
preferential absorption of sulfur was evident. 

In the cereal grains Franke and Painter (63, 145) found most of the 
selenium in the protein, as is the case with sulfur. The mole S:Se ratios 
(145) in the whole grain and protein were generally close. 

Many of the chemical properties of selenium in plants (part IV) are 
similar to those of sulfur. If selenium analogs of sulfur compounds arc 
present, the number in most plants is small and confined to a few types. 
The sulfur compounds in higher plants are of the following types: RCNS 
(in glucosides), RSR (vinyl and allyl sulfides and in methionine), RSCH 2 SR 
(the cysteine thioacctal of formaldehyde in djenkolic acid), RSH and RSSR 
(cysteine, cystine, and glutathione). All of these are straight-chain 
systems. A few other compounds, — a sulfhydryl compound, ergothionine, 
a thiazole derivative, thiamin, sulfonic derivatives, and sulfate esters, — 
are known. Of these, allyl isothiocyanate, vinyl sulfide, and allyl sulfide 
are abundant in only a few plant species, whereas cystine, methionine, 
and sulfates occur generally in higher plants in appreciable amounts. 

It can readily be shown that the deposition of selenium does not quan- 
titatively follow that of sulfur and that analogous compounds are not 
present in the same ratios. In cereals Painter and Franke (145) found 
the mole S : Se ratios to vary little, as the following illustration will show : 
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With Oonopsts condensataj an indicator plant, the mole S:Se ratio in the 
stems and leaves was 6.2, but in the roots it wa^ 2.8. The same plant 
contained sulfate, but no selenate could be demonstrated (145). The 
presence of inorganic selenium in plants has not yet been proved, and only 
metallic selenium has been indicated. Except in the root systems of 
plants growing in selenized nutrient solutions or soil cultures, the selenium 
in plants seems to be present in organic forms. 

II. Methods op Analysis 

Selenium could be easily determined where there was enough to weigh, 
but in plants, soils, and animal products which contained a few parts per 
million, new methods were essential. Since selenium in biochemical 
products appears to be in an organic form, oxidation is a necessary step. 

TABLE 4 

Comparison of methods for the determination of selenium 


COMPOUJNP 

Parr bomb 
method 

Duttllatio 

method 

Theory 

Diselenodiacetic acid . .... 

per end 

67.0 

per cent 

67.3 

percent 

57 2 

/S,/9'-Di8elenodipropionic acid 

52 2 

61.9 

62.0 

Seleninoacetic acid 

46.2 

44.9 

46 2 

/9-Seleninopropionic acid 

42.4 

41.1 

42 7 

n-Propylseleninic acid + HNO* 

36.1 

36.1 

36.2 

Benzyl selenide . . 

30.1 

30.5 

30 3 

Benzyl diselenide 

46 4 

46.6 

46.4 

/S-Selenodipropionic acid . . 

36.1 

36.1 

36.1 


Horn (90) applied the codeine sulfate method to a sulfuric acid digest of 
plants as a qualitative test, but Martin (121) and Gortner and Lewis (85) 
report quantities from colorimetric comparisons. The reviewer has found 
that there is a loss of selenium by oxidation in sulfuric acid; hence the 
results obtained by this method are likely to be low when applied to 
materials which are difficult to digest to a clear solution. 

The method of Robinson et ah (158) obviates the objection just stated, 
because the digestion is carried out in a closed system with the vapors, 
which contain some selenium dioxide, passing through a cooled bromine- 
hydrobromic acid solution. This method of digestion, which is similar 
to that of Fredga (76), has been widely used in the determination of 
selenium in plants and soils. 

In order to compare the toxicity of selenium in plants with that of 
inorganic selenium salts, the method for determining selenium in plants 
must be accurate. Therefore the selenium content of several organic 
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compounds was determined (Painter, unpublished work) by the distilla- 
tion method of Robinson et aL (158) and by the Parr bomb method, which 
Shaw and Reid (102) have found to be dependable. 

From this (jornparison it can be assumed that a quantitative recovery of 
selenium is accomplished by the distillation method. The danger of the 
loss of volatile selenium bromide from the receiving flask would be greater 
when determining selenium in cereals, forages, or animal products, because 
the time requirt'd for digestion is much greater than with small samples of 
organic selenium compounds. 

At the temperatures used in the modified methods of Dudley and Byers 
(48) and of Williams and Lakin (185), which are applicable to biological 
materials high in water, there is slight danger of loss of oxidized selenium. 
Dudley (45) has devised a method for the determination of selenium in 
air "gas -dust mixtures. 

The colorimetric comparison of colloidal selenium is not entirely satis- 
factory, because the probable error in the analysis of plants is large. 
Franke, Burris, and Hutton (59) have improved the method for smaller 
quantities than can be compared accurately in solution. With quantities 
too large for satisfactory comparison of colloidal selenium, the volumetric 
method of Beath, Eppson, and Gilbert (9) is applicable. Application of 
the titration of metallic selenium by iodate or bromate and of selenite by 
thiosulfate, as outlined by Coleman and McCrosky (38), should increase 
the precision of the determination of selenium in plants. 

III. Organic Compounds of Selenium 

It is not in the scope of this review to list all of the known organic com- 
pounds of selenium or all methods which have been used in their synthesis. 
For these, reference is made to the reviews of Bradt and cownrkers (20, 
21, 22, 23, 24, 25). In the dissertations of Fredga (76) and van Dam (40), 
spec'ial phases of the chemistry of organic selenium compounds are dis- 
cussed. A few general methods of preparation and a few reactions of 
each group of organic selenium compounds will be given. 

The known types of organic selenium compounds are similar to those of 
sulfur. Organic selenoLs and selenides form insoluble complexes with 
mercury and with some other heavy-metal salts similar to the correspond- 
ing sulfur compounds. The general reactions of organic selenium com- 
pounds are similar to those of organic sulfur compounds, but selenium 
exliibits more metallic properties than sulfur. Selenite and selenate, or 
corresponding organic derivatives, are oxidizing agents, whereas reduced 
selenium is readily oxidized to the metallic form if inorganic and to disele- 
nide if a selenol. 
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Metallic selenides or diselcnidos, selenocyanates, elementary selenium, 
selenium dioxide, selenium oxyc^hloride, and selenium halides react with 
appropriate compounds to introduce selenium into organic molecules. 
Hydrogen selenide, winch is necessary in many methods, is conveniently 
prepared by passing hydrogen through a hot suspension of selenium in a 
heavy motor oil (80 j. 

A, SELENIDES 

The following methods, which involve the direct introduction of selenium, 
arc those usually used m the preparation of s(deiiides : 

(i) 2RX + MaSe -> RScR 4 2MX (76, 98, 128, 155, 167, 177) 

RSeM 4- R'X RSelT + MX (15, 55, 79, 81, 105, 116, 150, 161) 

(3) RMgX 4- Sc RScMgX (105, 151, 172) 

2RSeMgX -> RSeR 4* Se(MgX )2 

U) RSeMgX4-R'X-^RScR' + MgX 2 (53) 

RMgBr + R'ScBr RSeR' 4- MgBra (13) 

(5) 2RNNX 4- MaSe RSeR 4- N 2 4- 2MX (113, 116) 

RNNX + MSeR' RSeR' 4- N 2 + MX (104, 105, 106) 

(6) RNNX 4- MSeCN RSeCN 4“ Na + MX (16, 36, 79, 81, 101, 

105, 106, 114) 

PhNHa + Se 3 (CN )2 p-HaNPhSeCN (36) 

RSeCN + R'X + KOH RSeR' 4 KX + HOCN (101) 

Aliphatic selenides are readily prepared by method 1, but in method 2 
difficulties are encountered, because selenols are readily oxidized to disele- 
nides on exposure to air and some selenols are unstable in alkaline solution. 
Methods 4 and 6 are limited to compounds of R'X with active halogens, 
and method 3 is more often applied to the preparation of selenols than of 
selenides. 

Selenoxides and many selenonium compounds give selenides on reduc- 
tion. Diselenides also give selenides at high temperatures. 

Selenides are the most stable class of organic selenium compounds. 
All but about sixty of more than two hundred known selenides (20) are 
aryl, heterocyclic, or mixed alkyl-aryl, alkyl-heterocyclic, and aryl-hetero- 
cyclic derivatives. 

B. SELENOLS AND DISELENIDES 

Since selenols and diselenides arc reversibly interconvertible, methods 
for introducing selenium into organic molecules are often identical. The 
fpllowing methods include those generally used: 
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(/) RX + MSeH RSeH + MX (79, 123, 177) 

2RSeH RSeScR + HjO 

(£) RSoMgX + HX RSell + MgXj (55, 105, 114, 172) 

(S) 2RX + MjSes RSeSeR + 2MX (40, 76) 

(4) RX + MSeCN RSeCN + MX (16, 72, 76, 79, 114) 

RSeCN + MOH (or HX) -> RSeH + HOCN 

(J) 2RNNX + MsSes RScSeR + Nj + MsX (116) 

(0) SejXs + 2RMgX -> RSeSeR + 2 MX 2 (169) 

(7) KsSeSO, + RX KSOaScR + KX 
2KSO,SeR -* RSeSeR + KAO® (79) 

Methods 1, 2, 3, and 4 have found general application when R is ali- 
phatic, and methods 2 and 5 when R is aryl. In method 4 the halogen 
must be active. There is good evidence that some diselenide of the type 
R 2 Se=Se is formed (76) wdtli RSeSeR in method 3. 

Only eight of about thirty known selenols are aliphatic. Two selenols 
(22) which are imidazole derivatives of the type 


— C=-CH 

i I 

N NH 




c 


I 

SeH 

have been described. Mono-, di-, and tri-selenoglycerols have been pre- 
pared by Baroni (7), by the use of reactions similar to those in the prepara- 
tion of the thio derivatives. Wrede (186) has prepared carbohydrates 
with a hydroxyl group replaced by SeH in the 6-position. Diselenides 
are more stable than selenols ; hence more of them (about fifty) are known. 
Nearly all are homocyclic, aryl, and heterocyclic derivatives. 

Fredga (76) and Backer and van Dam (2) have separated the d- and 
Z-forms of optically active diselenides. They give surprisingly high values 
for optical rotation, like those obtained with disulfides. 


ORGANIC SELENIUM ACIDS 


The more common members of this class, the seleninic and selenonic 
acids, are conveniently prepared by the following methods: 


RSeH 

RSeSeR 

RSeCN 


HaO,; KMn04; HNO, 


RSeOOH 


KMnO.; C1, H,0; 30% H,0, in CH,COOH; K,CrO, 
(3, 40, 76, 116, 161, 168, 154) 


RSeO,H 
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(2) RMgX + SeO, + HCl >RSeO,H (2) 

(3) RH + HOSeOjH vRSeO.H (26) 

In the stepwise oxidation of selenols, each compound can be isolated, 
but the reduction is difficult to control. 

RSeH — ^ — > RSeSeR — RSeOjH RSeO,H 

I Coned. HCl I 

Zn, HCl 

Bradt and Valkenburgh (25) list twenty seleninic acids and thirteen 
selcnonic acids. In all but seven, the selenium is attached to the benzenoid 
ring. Several seleninic acids, mostly derivatives of organic acids, were 
later described by van Dam (40) and by Fredga (76) . Banks and Hamilton 
(6) have described amides of seleninic acids. 

A notable difference in the ease of oxidation of sulfur and of selenium is 
evident from the methods used to prepare organic sulfur and selenium 
acids. Reagents which oxidize sulfhydryl groups and disulfides to sulfonic 
acids do not oxidize selenols and diselenides to selenonic acids, but only to 
seleninic acids. Seleninic acids are then much easier to prepare than 
sulfinic acids, but, like sulfinic acids, they are not stable. The acid salts 
of seleninic acids, — ^the selenonium compounds, — are more stable than the 
free acids. Selenonic acids, which require strong oxidizing reagents for 
their preparation, are more stable than seleninic acids, but both are strong 
oxidizing agents when compared with sulfur compounds of the same 
valence. 

One selenol acid, C6H5C(=0)SeH, the acid amides of five seleno acids, 
RC(=Se)OH, and the potassium salt of the ethyl ester of selenol carbonic 
acid (25), potassium selcnoxanthogenate, have been described. 

D. SELENONIUM COMPOUNDS 

All compounds of the class RSeXa, R 2 SeX 2 , RsSeX, and RSeX 2 SeX 2 R 
(R = an alkyl, aryl, or heterocyclic group; X = Cl, Br, I, OH, or NO*) 
are classified as selenonium compounds. More than three hundred are 
known, so this is the largest group of organic selenium compounds. 

Only a few of the many methods of preparation are listed : 

(1) RSeOsH + HX RSe(OH) 2 X (3, 52, 82, 142, 169) 

RSe(OH) 2 X + HY -> RSeY, (Y = Br or I) 

RSe + X 2 R 2 S^^X 2 (17, 54, 55, 79, 81, 169) 

, R 2 Se 2 + 2 X 2 RSeXjSeXjR 

(5) RjSe + R'X RaR'SeX (13, 52, 148, 150) 
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is formed, which prevents further oxidation. They state that on neutral- 
ization the selenoxide may be oxidized to the selenone, but few selenones 
(81) have been reported. Since these compounds and the dihalides of 
selenium ethers ionize in solution, it seems that they should be considered 
salts of a similar type, i.e., as acid addition products of seleninic acids. With 
halogen acids selenoxides give dihalides. 

Although the stability of selenonium and related compounds is dependent 
upon the radical attached to selenium, the following may be considered 
typical reactions: 


X 

RR'SeR 


H,0,/ 


rLr 


RSeH + R'CHO 

''^R' = alkyl 

R = aryl or alkyl 


RSeR 


HNOi; KMn04 
H 


RSeR 


RSeXs 


K«Cr04; KMn04 


RSeR 

A 


X 

RScR 

X 


„yHOH 

(NaOH) 


OH 

rLr 

in 


RSeX + R'X I' - 


RSeOH 


RSeO^H + RSeH SeX* 

(excess) 


RSe(OH) 2 X 


If one R is aliphatic, the compounds are less stable (13, 52) ; hence cleavage 
to a selenol or monohalide may occur. Selenols or diselenides give similar 
reactions, but when there is only one organic group attached to the sele- 
nium atom there is one more position at which a reagent may be added. 

■ ? 

Sulfoxides of the type R'SR can be resolved, but Gaythwaite, Kenyon, 
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and Phillips (81, 82) were unable to resolve selenoxides; this indicates that 
the linkage between selenium and oxygen may not be an unsymmetrical 
semipolar double bond. 


(CH3) 




Selenazole Selenanthrene 


copper 

bronze 



Diphcnylene 

H 2 SO 4 KSeCN selenide 



VI V 

Phenoxselcnine Selendiazole 


E. COMPOUNDS WITH SELENIUM IN RING SYSTEMS 
Many compounds with selenium in ring systems have been prepared. 
Bradt lists these with selenides, diselenides, or selenonium compounds, 
and most methods of preparation have been given under these classes. 
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Selenophene (26, 27, 171, 179) has pioperties similar to those of thio- 
phene, for both are more stable to reagents than would be expected. A 
series of cyclic seleiiides, — cyeloselenopropane, cycloselcnobutane, cy- 
closelenopentane, and cyoloselenohexane and their derivatives, — were 
described by Morgan and Burstall (128). Substituted compounds of 
selenazolc (I) (12, 37, 51, 108, 107). diazoselenide (IT) (100), selenanthrene 
(III) (39, 100, 102, 103), diphcnylene selenide (IV) (39), selendiazolc (V) 
(80), phenoxselenine (VI) (173), selenoxanthene (21), sclenoxanthone (56, 
116, 173), selenonaphthene (110, 115), phenselenazinn, a seleno methylene 
blue (21), selenothiana (83), 1 ,4-selenoxane (83), a pelletierine derivative, 
3-selen-9-azobicyclo-(3, 3,1) -nonane (19), and a spiro compound, 2,6- 
disclcno-4-spiroheptane (4), are known. 

A few diselenides in ring systems have been prepared by Fredga (73, 76) 
and by Backer and Winter (4). 

F. MISCELLANEOUS ORGANIC SELENIUM COMPOUNDS 

Many seleno aldehydes and ketones have been prepared (24), but it is 
doubtful if monomers have been studied, because of the tendency for these 
compounds to polymerize. The usual method is to add hydrogen selenide 
to an inert solvent containing an aldehyde or ket<»nc and hydrogen chloride. 
Shaw and Reid (161) have described several selcnoniercaptoles. 

One selenonium selenol (RsScSeH) has been reported (24), but no selenide 
selenol (RSeSeH) is known. 

Ethyl derivatives of — S — Se — S — and of — Se — S — Se — and a tri- 
selenide, — Se — Se — Se — , have been prepared by Levi and Baroni (117) 
by the reaction between ethyl selenol or ethyl mercaptan and thienyl 
chloride or selenium oxychloride. 

Several selenium compounds which also contain mercury, arsenic, or 
antimony are of interest because of their possible use in therapeutics (109), 
and several benzanthrone derivatives (50, 174) have valuable properties 
as dyes. 

IV. The Properties of Selenium in Plants and their Relation to 
Known Compounds of Selenium and of Sulfur 

From the properties of selenium in naturally occuiring plants it is 
generally agreed that the selenium is in organic forms. Franke and Painter 
(63) were unable to extract the selenium from cereals by solvents for in- 
organic selenium salts or for metallic selenhim. Electrodialysis of pep- 
tized seleniferous proteins likewise failed to remove selenium. Much of 
the selenium in the indicator plants is water-soluble but cannot be reduced 
to metallic selenium by reagents which reduce inorganic selenite or selenate. 
iNot one of the organic selenium compounds studied by Painter, Franke, 
and Gortner (147) yielded more than a trace of metallic selenium on reduc- 
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tion. They were reduced instead to selenides, diselenides, or selenols, 
which are more stable forms than are the oxidized organic selenium com- 
pounds. 

The only form of inorganic selenium reported in plants is metallic sele- 
nium. Several investigators (for references sec Hurd-Karrer (97)) grew 
plants in artificially selenized soils or cultures, using selenite, and reported 
that metallic selenium was deposited in the growing plant, particularly 
in the root systems. Levine (118) states that reduction is probably due 
to mi(;roorganisms, but it is well known that many compounds in plants, — 
i.c., glutathione, asc^orbic acid, reducing sugars, etc., — can reduce selenite 
to elemental selenium. In view of these facts it may seem surprising that 
metallic selenium has not been found in naturally occurring seleniferous 
plants, but we have no proof that selenium is absorbed from natuially 
seleniferous soils as selenite nor is the evidence for the presence of elemental 
selenium conclusive. Plants grown in selenite cultures may have an 
abnormal reddish cast and the selenium may be extracted from the roots 
by a bromine-hydrobromic acid solution, as Hurd-Karicr (97) found, but 
that is not proof. Metallic selenium and inorganic selenite and selenate 
are readily converted by bromine-hydrobromic acid solutions to selenium 
bromide, which can be distilled, but this reagent also converts many or- 
ganic selenium compounds to soluble compounds which can be cleaved to 
inorganic forms of selenium. This property has apparently been over- 
looked. The results of Westfall and Smith (180), who, after extraction of 
naturally seleniferous cereals and proteins by dilute bromine in hydrobromic 
acid or by hydrogen peroxide in trichloroacetic acid and distillation of the 
extracts in the presence of bromine-hydrobromic acid, were able to reduce 
selenium in the distillates to the metallic form, can be explained by oxida- 
tion and cleavage to inorganic forms and need not be interpreted to indicate 
the presence of inorganic selenite or selenate, as suggested. Painter (142) 
found the selenium in Oonopsis condensaia to be cleaved by bromine-hydro- 
bromic acid solutions to a form reducible by sulfur dioxide and hydroxyl- 
amine hydrochloride. The reduction of selenium extracted from indi- 
cator plants to the metallic form has not been found to occur without 
previous oxidation and cleavage. 

These results are explained by the reactions of organic selenium com- 
pounds. Selenides add bromine to form dibromides, which give dihy- 
droxides in the presence of excess water. Peroxides also convert selenides 
to dihydroxides. Dihydroxy derivatives of selenium ethers are converted 
to selenoxides on heating. These selenonium compounds of the t 3 ^e 
R'SeX 2 R [X 2 = Br 2 , CI 2 , I 2 , (OH) 2 , or 0] are easily decomposed if R is 
aliphatic, as Edwards, Gaythwaite, Kenyon, and Phillips (52) and Be- 
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haghel and Hofmann (13) have shown. Selenoxides, like sulfoxides, cleave 
mainly as indicated by the equation 

R'Se(=0)CH2R R'ScH + RCHO 

Dihalides and dihydroxides cleave in a similar manner: 

R'SeX 2 CH 2 R R'SeX + RCHjX 

With dihydroxides the diselenide (52) was isolated. With some compounds 
high temperatures were required, but with others the dihalides or dihy- 
droxides decomposed so readily that they have not been isolated. The 
author (unpublished work) dissolved selenides in bromine- hydrobromic 
acid solution, distilled until the solution was free of bromine, and recovered 
inorganic selenium in the distillates. In the presence of excess bromine 
or peroxide in aqueous solution the cleavage products of each reaction, — 
RSeH, R'SeX, and R'SeSoR',— would give a seleninic acid. Excess bro- 
mine converts each to a tribromide, RSeBra, which in aqueous solutions 
goes to a seleninic acid. Peroxides convert diselenides directly to seleninic 
acids. Painter (142) and Painter, Franke, and Gortner (147) have shown 
that seleninic acids cleave to give mostly inorganic selenite. Indeed, the 
results of Westfall and Smith, when considered with other properties of 
selenium in cereals, can be better interpreted to indicate the presence of a 
diselenide or of an easily cleaved solenide. 

If elemental selenium sometimes occurs in plants — and this appears 
likely —it behaves differently from sulfur. No report of elemental sulfur 
in higher plants is known to the author. We must recognize that when 
elemental selenium was reported to be deposited, it was from absorbed 
selenite, which is easily reduced, whereas sulfur is absorbed by plants as 
sulfate. 

Although Painter and Franke (143, 145) found most of the selenium in 
wheat, corn, and barley to be confined to the protein, Beath, Eppson, and 
Gilbert (10) found about half of the selenium in a wheat sample to be 
water-soluble. Whether or not the selenium not accounted for in the 
proteins (145) isolated,— approximately 20 per cent of the total,— was in 
a non-peptized or a water-soluble protein which is richer in selenium than 
the proteins isolated, cannot be stated. The mole N:Se ratio in most of 
the proteins (145) was higher than the N:Se ratio of the whole grain. 
This suggests that there is some non-protein selenium present. As pre- 
viously stated (145), the S:Se ratios in the grain and proteins were fairly 
constant, indicating that selenium deposition follows that of sulfur more 
closely than that of nitrogen. The water-soluble selenium in the indicator 
plants (8, 10) is probably not in proteins, although many of these plants 
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(legnmus) contain a large amount of water-soluble protein. In any case 
there is no good evidence to indicate that the selenium is inorganic. 

The fact that the selenium in cereals is in the protein is in itself presump- 
tive evidence of the presence of a nitrogen compound of selenium, probably 
an ammo acid. After the hydrolysis of scleniferous proteins, Painter and 
Franko (143, 14i, 140) and Horn, Nelson, and Jones (92) found, in the 
hydrolysate, soluble' selenium compounds which could not be reduced to 
elemental form. The humiu formed when seleniferous proteins were 
hydrolyzt'd (144) by 20 per cent hydrochloric acid or by 33 per cent sulfuric 
acid always contained selenium. Recently, Schaefer and Moxon (per- 
sonal communication) boiled the selenium analog of c.ystine in the vsame 
concentration of acids that Painter and Franke used to hydrolyze proteins 
and noted a slow decomposition accompanied by the separation of vselcnium 
from solution. Selenium is less stable than sulfur to acid hydrolysis, be- 
cause thi* mole vS:Se ratio in the humin (144, 145) is lower than in the pro- 
tein or hydrolysate. Westfall and Smith (180) cleaved more selenium 
than sulfur from seleniferous proteins by oxidizing them in acid solutions. 
The amount of s(4enium in the humin, as well as of sulfur, could be in- 
creased by the addition of carbohydrate or by the use of stronger acids. 
The observation of Painter and Franke (144), that the hydrolysis of sele- 
niferous i^roteins m concentrated hydriodic a(nd and removal of the 
hydriodic acid by repeated extraction with ethc^r gave a selenium-free 
hydrolysate, is of interest. Hydriodic acid cleaves etluTs and when used 
to hydrolyze proteins cleaves the melhiol group of methionine to form an 
a-amino 7 -thio lactone. 

Several attempts have been made to separate selenium compounds from 
protein hydrolysates. Horn, Nelson, and Jones (92) were able to extract 
the selenium by means of butyl alcohol. The monoamirio monocarboxylic 
acids are generally considered to be extracted by butyl alcohol, but the 
ammo acids extracted depend largely on the pH of the solution. Only a 
little selenium was present in the dicarboxylic acid (92) fraction. The 
hexone bases contained small amounts of selenium (92), but Painter and 
Franke (143) found considerable selenium in the phosphotungstic acid 
precipitate of a protein hydrolysate. Mercuric chloride (143) was the 
most effective of several amino acid precipitants used to remove selenium 
from protein hydrolysates. Copper salts precipitated some selenium com- 
pounds but silver salts, which precipitate histidine and arginine, removed 
only a trace of selenium. As a result of thcvse studies, it can be concluded 
that the selenium compounds do not show properties identical with those 
of any known amino acid. It is of interest to note that every amino acid 
fraction which contained cystine or methionine also contained selenium, 
although not in the same S:Se ratio. When Jones, Horn, and Gersdorfif 
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(99) separated partially hydrolyzed products of the enzymatic hydrolysis 
of seleniferous protein, they found selenium to be in those products which 
contained cystine. 

When the selenium-containing precipitates of mercury and copper salts 
from a protein hydrolysate were decomposed with hydrogen sulfide, much 
selenium was in the metallie sulfide. Fredga (74, 75, 76) and Preisler 
(153) studied the action of metallic salts on diselenides of organic acids. 
The compounds dismute according to the general scheme: 

2RSeSeR + SHgCh + 2 H 2 O ^ SRScHgCl + RSeOaH + 3HC1 

A scleno mercaptan which is not decomposed by hydrogen sulfide may form 
when heavy-metal salts are added to a seleniferous protein hydrolysate, 
or a seleninic acid may form which is cleaved and the selenite may be 
reduced by hydrogen sulfide. 

Like sulfur in proteins, some selenium is cleaved when seleniferous pro- 
teins are hydrolyzed in alkaline plumbite. The percentage of total sele- 
nium in the lead sulfide was always slightl}?' less than the percentage of 
total sulfur in the lead sulfide, thereby Indicating that selenium is more 
stable in alkaline solutions than is sulfur. The following comparison from 
tables by Painter and Franke (146) is typical of several proteins: 


FROTSIN 

SHLSNIUH 

SULFUR 

LBAD SULFIDU 
PRBCIPITATB 

FILTRATB PROM LKAD 
0ULFIDB 

Be 

s 

Be 

S 

Gluten . . 

p.p.m. 

117 

per cent 

0.74 

per cent 

33 3 

percent 

52.8 

per cent 

66.0 

per cent 

46.4 


Methods of alkaline hydrolysis which produced a higher percentage of lead 
sulfide also removed a greater percentage of selenium in the lead sulfide 
precipitate. The cleavage of diselenides in alkaline solutions (147) is 
similar to that of disulfides. Inorganic selcnide, which precipitates as lead 
selenide in the presence of plumbite, and some selenite form. There is 
good evidence that some inorganic selenide forms in the absence of lead 
when seleniferous proteins are hydrolyzed in alkaline solutions (146), but 
inorganic selenite has not been demonstrated. This may be because the 
methods are inadequate for detection of the different forms of cleaved 
inorganic selenium in the dilute solutions. Most of the proteins contained 
from 100 to 150 p.p.m. of selenium. 

The selenium in some of the high absorbers of selenium exhibits a dif- 
ferent behavior in alkaline solutions from the selenium in the cereal pro- 
teins. Painter (142) dissolved nearly all of the selenium by aqueous 
Imodium hydroxide extraction of Odnopsis condensata, but only a trace of 
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'^labile selenium^ ^ separated when heated in alkaline plumbite. No sele- 
nium was cleaved to selenite. The plant contained 1180 p.p.m. of sele- 
nium, so if selenium underwent cleavage, there should have been little 
difficulty in detecting the different inorganic forms. The organic sulfur 
content of the plant was 0,17 per cent, but there was only a trace of ‘‘labile 
sulfur.'' 

Additional indic^ation of the probable types of selenium compounds in 
plants may be gained from the studies of Painter, Franke, and Gortner 
(147) on organic selenium compounds. Most of the selenium was cleaved 
in alkaline solutions from diselenodiacetic acid and /?,/3'-diselcnodipropionic 
acid. Benzyl and n-propyl disclenides were partially cleaved. Selenium 
ethers were stable, with the exception of /3-sclenodipropionic acid which 
gave lead selenide almost quantitatively in alkaline plumbite. Sele- 
ninic acids, except n-propylseleninic acid, which was stable, gave mostly 
inorganic selenite. Since most seleninic acids, especially derivatives of 
organic acids, are unstable and are cleaved m acidic as well as in basic solu- 
tions, it is improbable that they occur in plants. 

From the properties of selenium in cereals it would appear that the 
selenium is present in stable compounds. If the selenium is an integral 
part of the protein molecule, it would be expected to undergo few changes 
without hydrolyzing the protein. There is a general belief among farmers 
that seleniferous plants become less toxic upon long storage. Franke and 
Painter (06) found that a wheat sample decreased in toxicity after several 
years of storage. Moxori and Rhian (135) repeated the determination of 
selenium in some cereals after an interval of two to three years and found 
a consistent decrease of approximately 30 per cent in the selenium content. 
If selenium w^ere slowly oxidized, there would probably be cleavage, but 
organic selenium compounds are not oxidized as readily as organic sulfur 
compounds. If a dismutation of disclenides took place, slow loss of sele- 
nium would occur, but this seems doubtful in cereal grains under dry 
storage conditions. The organic selenium compounds prepared by Painter 
(142) differ greatly in their stability, but few are as stable as selenium 
compounds in plants. Diselenodiacetic acid was much less stable than 
other disclenides. It deposited metallic selenium rapidly when exposed 
to air. Seleninic acids decomposed more readily than the acid salts, — the 
selenonium compounds. No decomposition of selenium ethers has been 
noted after more than three years^ storage. 

In the group of indicator plants which accumulate large amounts of 
selenium, v^olatile compounds of selenium are present. A large percentage 
of selenium (10) may be lost on drying these plants when they are collected 
green. These volatile selenium compounds may impart a disagreeable 
odor to some plants, and seleniferous Astragali may be detected from the 
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odor. Volatile sulfur compounds abound in some plants, but most of the 
indicator plants belong to a different family from those which are considered 
the best sources of volatile sulfur oils. 

It may be that the slow loss of selenium from cereals is due to volatile 
compounds, but nothing abnormal about the odor or taste of selenifcrous 
cereal grains has been obseT*ved. In this connection the ability of rats, 
and presumably of farm animals as well, to distinguish between foods of 
different selenium content and foods free from selenium (69) is of interest. 
In the experiments of Franke and Potter (69), wheat and selenite were the 
sources of selenium. A pungent selenide od^r similar to, if not identical 
with, that exhaled by animals which have been injected with inorganic 
selenium salts, was given by a calcium hydi oxide liydrolysate of a sele- 
nifcrous protein (142) when treated with a current of carbon dioxide. 

AVhen the properties of selenium in the few plants which have been 
studied are considered together and are compared with the general proper- 
ties of organic selenium comiiounds, the evidence, although fragmentary, 
points to definite tjqies of compounds. There is good evidence for the 
presence of selenides and diselcnides, but not for seleninic or selenonic acids. 
Aside from the fact that most of the oxidized selenium compounds undergo 
cleavage, it seems likely that they would be reduced by metabolic processes 
in the plant. Different organic compounds must occur in some of the 
plants which accumulate larger quantities of selenium than commonly 
occur in cereals. The types indicated are analogous to those of the natu- 
rally occurring sulfur compounds. The failure to find selenate in plants is 
not surprising when it is considered from a chemical standpoint. When 
selenate is absorbed by plants, a preferential reduction of selenate over 
sulfate should occur. It is likely that some selenium would be reduced to 
the elemental form without forming carbon selenium bonds, especially 
when high concentrations of selenite arc absorbed. 

A crystalline selenium-containing amino acid has been recently Isolated 
by Horn and Jones (91), and it is of additional interest that their prepara- 
tion also contains sulfur. The structure suggested by the empirical 
formula, 

HOOCCHCH2--Se~-CH2Cn2CHCOOH 

NHs (— S— ) iIh. 

differs from that of any known sulfur-containing amino acid. The authors 
do not state the source of their amino acid. 

Analogous selenium and sulfur compounds possess similar properties, 
so if they occur in plants, the difficulty of separating these in the cereals 
where the molar S:Se ratio is rarely less than 100 is obvious. In the 
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indicator plants where as high as 15,000 p.p.m. of selenium has been re- 
ported, the S : Se ratio must be less than 1 in some samples. The advantage 
of working with these plants is obvious, but, since little is known about 
the chemistry of these plants, wholly different compounds from those in 
cereals may be present. Studies of the properties of the selenium analogs 
of the sulfur-containing amino acids should answer a fundamental question 
regarding selenium in cereal grains. Selenocystine is the only selenium 
analog of tlui naturally occurring organic sulfur compounds which has been 
prepared. Frcdga (77) studied the reaction between the methyl ester of 
a-amino-/3-(‘hloroproi)ionic acid (from si^rine ester) and potassium selenide, 
and Painter (142) treated the chloro ester with sodium hydroselenide and 
oxidized the selenol to the diselenide. After hydrolysis, selenocystine 
precipitated when thc' solution was neutralized. As expected, selenocystine 
gave ^dabile scleniuin^^ in alkaline solution. 

In addition to supplementing the chemical evidence that the selenium 
in plants is organic, animal experimentations also indicate that vselenium- 
and sulfur-containing amino acids are related in metabolism. The toxicity 
of d,i-selenocystine (table 1) was much greater than that of any other 
organic selenium compound when injected. It was nearly as toxic as 
inorganic selenite. Elemental selenium, reported to be in plants, was 
virtually non-toxic when fed to rats (68), and the selenium in cereals was 
more toxic than any inorganic form of selenium studied. Both the d- and 
the i-forms of the selenium analog of cystine (separated by Fredga (78)) 
have been fed to rats. Moxon (129, and personal communication) found 
the toxicity of selenocystine to be in the same range as the selenium in 
cereal grains and the Z-form more toxic than the d-form. This seems sig- 
nificant when it is recalled that the naturally occurring amino acids are of 
the Z-c*onfiguration and that i-cystine is more efficient in supporting growth 
than is its optical isomer. 

Further similarity in the behavior of selenium and sulfur in the animal 
body has recently been discovered by Moxon et al. (136). Bromobenzene 
lowered the selenium content in the blood and greatly increased its urinary 
excretion. Bromobenzene is known to become conjugated with tissue 
cystine and methionine and to be excreted in the urine in this form. 

I wish to extend my appreciation to Professors R. A. Gortner and L. I. 
Smith for their interest and review of this manuscript, to Dr. C. F. Rogers 
for many valuable suggestions, and to A. L. Moxon for his suggestions on 
the sections on the toxicity and geology of selenium and for permission to 
quote work in advance of publication. Acknowledgement is also grate- 
fully made to Ruth Robbins-Painter for aid in preparing the manuscript. 
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A REVIEW OF SOME RECENT X-RAY WORK ON PROTEIN 

CRYSTALS 
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Received September 1940 

This is a difficult moment at which to try to give an account of piotein 
structure from the x-ray side. A great deal of work is in progress, and it 
seems likely that many points about which we now conjecture will be 
settled soon if only the work can go on. 

Three crystalline proteins have been studied in some detail by crystallo- 
graphic methods, — insulin, horse methemoglobin, and lactoglobulin, — 
and this report will be mainly concerned with their investigation. The 
measurements on hemoglobin* have been carried out by Dr. M. F. Perutz, 
working at Cambridge University under Professor W. L. Bragg with a 
grant from the Rockefeller foundation. As Dr. Perutz is now interned* 
and may be unable to send an account of his work himself. Professor 
Bragg has kindly given me permission to use his results. The work on 
insulin and lactoglobulin has been carried out at Oxford University. 

These three proteins have the advantage that they have all been x-ray 
photographed in both the wot and the dry states, and lactoglobulin in 
particular in several crystalline modifications (table 1). Further, a num- 
ber of measurements have been made of the intensities of x-ray reflections 
from these crystal structures, and several Patterson Fourier projections 
have been calculated for each protein (figures 1 to 7). Unfortunately 
only in the case of air-dried insulin arc these calculations anything like 
complete. 

The first question that it seems relevant to ask about these crystal 
structures is whether or not there actually exist in the crystal separate 
individual molecules of the magnitude deduced by Svedberg and his co- 
workers from ultracentrifuge measurements. In x-ray analysis no abso- 
lute proof of the presence of a molecule is possible without a complete 
analysis which will demonstrate the degree of chemical binding in different 
directions in the crystal structure from the lengths of the interatomic 

1 The Patterson projections for wet hemoglobin were calculated by Mr. D. P. 
Riley from data supplied by Dr. Perutz. 

Since released (note added February, 1941). 
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distanc(\s found Hut tli(‘ (‘oinparison oi HattrrMUi proj ret ions loi’ \N(‘t 
and air-dnod iiiMdin (iH do piovid(‘ stronj: (‘vidoiK‘(' in fa\or of tlio Sv<m 1- 
berj; niol(‘(*ul(‘ in tli(‘ crystal In (‘acli of these' proj(‘(‘tions fliiai' is a ^roup 
of ei^litcH'ii p(‘aks around the' ontiin, liavinji; tlie sanu' ]M)sitions n'lative to 
oiU' another in both jiroji'ctions. The' diffea'cnce^ h('t\\(‘(‘n tlu' two piojee- 
tioiis is niainlv diu' to a difh'K'uce in tlu' oiK'iiiation of tlu' adjaei'nt j*,rou])s 
ol })eaks Fif»:ur(‘ I show^ the* (‘ffc'ci Idie whole' ^roup at the' onj;in A is 
turne'el re'latu e' tei the' ^reeup at Htlirouj»han anj>le'e)j about (Fin thewe't as 
e'eiinpare'el with the' elrv stiue'tuie'. The' ftieiu]) eii e‘if>hte‘('n pe'aks is tlu're- 




/('I 




(a) 




Fie; 1 Fattcrscii pTojcrtions on the biiHiil pl«tm* ol tin' Ht.nictuic of (:i) w<‘t. and 
(b) dr> insulin Vnanpaneiil of lie\aj?onal nnuvs ol points (( ) (‘\|>}iinh‘(l (</ wet 
insulin) and (d) elose-paeked (([ div insulin) 


lore' int(*rde'p('ndent, and the' ])eaks move' as it tlie'v corresponeh'eJ t.e> inte'r- 
atoinie* elistan(*e‘s orf^anized to^:<*ther in a smj»;le' unit The siinple'st 
inte'rpretatifiii of this eirpinize'd unit inake'S it of the* same size' as the* t*rvs~ 
tal unit t‘e'11, whicli in turn is (‘(pial in wi'i^ht to erne' Sve'elbe'fft nude'ciile. 
One* can de'rive seimt'what similai evide*nee% theamh not sei e'fdie'rent, from 
a cejrnparisem of two of tfie* laete)fj;le)bulin crystal structure's (I). Here' the 
crvstallopjraphy is much more eeanfdicated In tfie we't tabular crystals 
the TiiedeM'ular wt'ipht eif tiie unit erll indicate's the* jireseaicei of (‘iplit Sved- 
^be'rg units plu^ a larj^e* firopeirtion of lit|Uid ejf crystalhzatiem "Jdie* crystals 
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shimk j)iini;nj]\ in t Ik* (Iikm t ion ol tli(w-u\i.s, hr^t l)\ only per cent to 
a partK w«‘t loiiio and IIk'Ii })V 11 pea c(‘nt to tin* aii-dried diHordored 
stnatuic. ^ 'oni]»a ri'^on l\‘i1t(TM)n piojia'lioii*^ oi tlu' w(‘t and j>art/ly w'(*t 
stI‘^(‘tmo*^ •>[k)U paltciii'^ which diff(‘i I'oiiMdiaabK more in lh(‘ peak 
loirnatK)!!'' coi irspondin^, to lai^;( int<‘iatoini(' destaiici**^ than in the ar~ 
lanti^rnK'nt oi peak.^ about the origin Such a dislinctioii l^ m accordance 



I'k, 2 /^ji/ dciivfd from v\<‘l civstaK of lioiso imdlaMiio^lohin (aftei M. Perutz 
ami 1 ) I*. Hdoy) 

with tile pr(*M‘nce ol inoi(M*ul(‘s which niov(‘ {‘losi'r top;(‘ther during the 
.shiinking proce^.s. maintaining th<*ir mtcaaial ^trllcture n'lativelx un- 
(‘hang(*d 

It w(‘ tak(* th(‘ ('\i<t(aua‘ ot protian inol(*cul(*> in th(‘ (*rv.stal a^ to some 
(‘\t(‘nt (‘stabhslu'd. tlu* next proi)l(*m wc* ha\(‘ to (‘onsid(*r is that of their 
shapt* 'Plus qut'stion has r(‘centlv receiv(‘d coU'-iderable attention from 
a immbei ot workca’s The* most intending calculations an* probably 
thos«‘ <d Poison and N<‘urath, who lia\e calculatial tin* dissvmm(‘try of 




Fk; H Fici 4 

Fkt. 3 Horse mothoiiiogloVnii : Patterson project ion fioin v^<-t crystals (after 
M Perutz and I) P Riley). 

1 Fi(, 4. Hors(* niethcmoglobin: Pxz deiived from air-dned crystals, contour lines 
at 25 units aiiart (after M Perutz) 
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protein molecules from the Svedberg dissymmetry’' constant, ///o, obtained 
from diffusion constant measurements. Neurath (5), in particular, uses 
the dissymetry constant to deduce possible dimensions of the protein mole- 
cules concerned, assuming these to be prolate ellipsoids of revolution. His 
values for insulin, lactoglobulin, and hemoglobin are as shown in table 2. 

In these deductions it is assumed that the other factors which may in- 
fluence the dissymmetry constant, the charge on the protein molecule and 
hydration, are negligible compared with the dissymmetry factor. Peruta 
has recently examined the other extreme hypothesis (which was first 
considered by Adair and Adair (1)), — namely, that the Svedberg dissym- 
metry constant is mainly a measure of the hydration oi the protein mole- 

TABLE 2 


Dimensions of protein molecules 


PROTEIN 

///» 

b/a 

o 

b 

Insulin 

1 13 

3.3 

31 

102 

Lactoglobulin 

1.2 

4.3 

28 

122 

Hemoglobin (horse) 

1.24 j 

4.8 

32 

155 


TABLE 3 


Radii of proteins 


PROTEIN 

ri 

(dry “baditjs") 

rt 

(wet “badiub”) 

ri 

(wet “radiu«'\ 

CALCULATED PBOIf 
VOLUUE or UNIT 
CELL) 

Insulin . 

22.4 

26 8 

25.3 

Lactoglobulin 

23 2 

29.2 

28 8 


[ 

29.9 


Hemoglobin 

27.2 

33.7 

34.8 


i 

34.6 1 



cule in solution. To conform to the observations, the protein molecules 
must increase in effective size and have a lower density on hydration. 
Perutz (6) therefore calculates first the radii of the dry proteins from their 
measured molecular weights and partial molar volumes, assuming they 
are spherical, and then the radii of the wet proteins required to agree with 
the diffusion constant measurements (see table 3). He shows that a 
considerable degree of asymmetry, — ^as much as 1.4 or 0.71, — ^may be 
present ^dthout appreciably affecting the dissymmetry constant, and that 
therefore these radii are not to be taken as an exact measure of the shape 
of the molecules concerned. The third column of table 3 gives rg, the 
radius of a hypothetical molecule, having the volume of the crystallo- 
gi?aphic unit cell found for the wet crystals, divided by the number of 
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molecules present. It is clear that the calculations show that the devia- 
tion of the djss^^mmetry constant from unity could be explained by hy- 
dration of the protein molecules in solution roughly equivalent to their 
hydration in the crystals.* 

As both authors agree, in reality it is probable that both hydration and 
shape play a part in determining the observed dissymmetry constant. It 
should be possible to judge their relative importance by an examination 
of the x-ray evidence in more detail. 

To take the case of insulin first. The unit cell of the air-dried crystals 
is a flat rhombohedron of very marked asymmetry. As this cell is of 




Fig. 8. Tho unit cell of air-dried insulin 

weight ecjuivalent- to one Svedberg molecule, it might itself represent the 
shape of the molecule. But it is not possible actuall}" to accommodate 
in it a molecule of the shape calculated by Neurath. If considered as 
apiiroachirg an ellipsoid of revolution, this ellipsoid would in the first 
case have to be oblate, not prolate, and its dimensions might be given 
roughly, to compare with Neurath’s calculations, as follows: height, 30 A.; 
diameter, 74.8 A. (see figure 8). Actually, it is probable from the crys- 

* In this connection it is interesting that the direct calculation of the molecular 
weight of pepsin from diffusion constant measurements gives a value twice as large 
as that given in the ultracentrifugc, while the crystals contain roughly 50 per cent of 
liquid of crystallization. 
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tallographic placing of adjacent moleculas that the molecule would not 
have so extreme a form. The most compact alternative is represented 
by a prism of hexagonal base 43 A. across and height 30 A., and the truth 
probably lies between these limits. The study of the Patterson projection 
(see below) suggests that the close packing of the molecules in the crystal 
is determined not simply by their approximate shape, but to a large 
degree by their internal structure. 

The x-ray results therefore support Neurath^s deduction, -—namely, 
that the insulin molecule is markedly as 3 rmmetric, — while excluding such 
a high degree of asymmetry as that proposed The additional deviation 
of the dissymmetry constant is probably due to hydration, as Perutz 
suggests. The comparison of the Patterson projections from wet and from 
dry insulin indicates that the molecules have moved from loose packing in 
the wet crystals to close packing in the dry crystals. The pattc^rns suggest 
that in the wet crystals there are gaps at X, F, etc. (figure 1) between the 
molecules which are filled with liquid of crystallization. It would be 
unlikely that this particular liquid would be carried with the molecules in 
solution. But the shrinking of the crystals on drying is greater than 
corresponds theoretically to the calculated shift in position of the mole- 
cules. The excess shrinking is due to hydration that might persist in 
solution and consequently further affect the diffusion constant. 

The evidence from lactoglobulin and hemoglobin is less precise than that 
from insulin, owing to crystallographic complications, but it tends in the 
same direction. The Patterson projections from wet tabular lactoglobulin 
indicate that the molecules arc packed in a pseudo-facc-centered cubic 
array. Such an arrangement suggests that the molecules arc not far from 
spherical, though a dissymmetry of the axes as great as 2:1 is possible,— 
again much smaller than that calculated by Neurath. It is also improb- 
able that the hydration of the molecules in solution is quite as great as 
that of the wet tabular crystals, since these very easily shrink to the partly 
wet form, closely related in structure, and, further, the metastable needle 
crystals also have a lower hydration. 

The crystal structure of hemoglobin presents some interesting problems. 
If the chemical molecular weight of 66,700 is accepted, the positions of the 
molecules are fixed in the lattice on twofold axes at the corners of the unit 
cell and C face centers. Penitz calculates that the most probable form of 
the molecule is a triaxial ellipsoid with x = 22, y = 24, and z = 37.6 A. 
Setting X = ?/ = 23 A., the axial ratio is 1.63,— very much smaller than that 
found by Neurath. In fact, molecules of Neurath’s calculated dimensions 
are, as in the case of insulin, excluded by the dimensions of the unit cell. 
As before, the hydration of the crystals is high, and probably a consider- 
able proportion persists in solution. 
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Perutz pro(‘epds to consider the methods of distributing the water of 
hydration. It is cl(‘ar, as mentioned above, that this water must both 
increase the siz(‘ and reduce the density of the molecules, ™i.e., it does not 
simply enter into a central cavity of the molecule, as might be possible 
with molecuUis of the cyclol stmcturc put forward by Dr. Wrinch. It may 
either Ik* distributed over IIk* surface of the molecule, or be disposed be- 
tween structural units within the molecule in such a way that it causes an 
internal expansion. Or, of course, both these processes may occur. 
Penitz is rath(‘r in favor of the second hypothesis, to explain the fact 
that tli(‘ introduction of heavy atoms into hemoglobin crystals through the 
liquid of f rvstallization })roduces no noticeable alteration in the intensities 
of x-ray reflections from the crystal. For insulin it should be possible 
to distinguish between the two alternatives through the calculated wet 
and dry Patterson projections on (0001). In the first case one would 
exjiect the characteristic pc^ak system of dry insulin to be distorted in the 
wet crystal; in the second, the distances of the peaks from the origin should 
increase. Actualh^ for ccTtain theoretical structures the two effects 
may l(*ad to tlu* same results and both changes appear to be present. 
Also, it IS doubtful whether the accuracy of the present wet projection is 
8uffici(*nt for it to be employed in this argument, and better data are 
in preparation. One point is worth making, — the smallness of the change 
involved in atomic t(Tms. The calculated change, if it is intramolecular 
in the projected distance of the inner insulin peak, is only from 10 to 
10.5 A. while*, if the water of hydration is disposed over the surface of the 
protein molecule, it would correspond in quantity to a layer of water only 
one molecule thick. 

The probkan of hydration has an important bearing on that of the in- 
ternal structure of the protein molecule, which is the third (and much the 
most speculative*) point that I wish to discuss. The evidence to be con- 
sidered he*re is mainly that provided by the Patterson projections of the 
different jiroteins. 

Thevse proje‘ctie)ns should first be distinguisht*d according to resolving 
power. The limits of spacing used in their construction are roughly as 


folio W’S • 

Wot liemoglobin 2 4 

Wet insulin . ..... 45 

Wet talmlur lactoglobuliri (100) . , 5.5 

Partly wet tabular lactoglobuhn (100) 6 5 

Dry insulin 7.5 

Wet tabular lactoplobulin (110) . 10.5 

Dry hemoglobin . . .13 


As would be ex|>ected, the patterns for lactoglobulin (110) and for dry 
hemoglobin show*^ broad, largely unresolved groups of maxima w’hich prob- 
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ably indicate the main positions of the molecules, but little more. That 
from wet hemoglobin at the other end of the scale is the only projection 
which shows peaks as close as 4.5 A. to the origin. The peaks are of very 
great interest, but it is impossible to be sure that the actual interatomic 
vectors concerned are 4.5 A. until the third projection for this structure has 
been calculated. Apart from these features it is the similarities between 
the different projections that are most notable. Those of wet hemoglobin 
and insulin in particular show a general distribution of low maxima roughly 
in a series of rings about the origin with, very roughly, intervals of 10, 20, 
30 A., etc. In the lactoglobulin (KX)) prolection the peak systems are 
only clearly resolved near the origin, where they show marked resemblances 
to the others. 

A striking feature of the (0001) projection of air-dried insulin was pointed 
out by J. D. Bernal (2). In position all the observed peaks fall on a 
hexagonal network, the axes of which lie at an angle to the crystallographic 
axes. The angle observed is closely that required if the insulin molecule 
itself has a structure in wliich the eighteen points of the network around 
the origin are occupied by units which are arranged in a close-packed 
array, not only within one molecule but also with reference to the unit 
structure of neighboring molecules (figure 1). The change from dry to 
wet insulin then appears to involve an angular shift of the molecules from 
these close-packed positions. Further, the new peak positions in the wet 
(0001) projection are not far from a second hexagonal network, which 
might again bring the unit points into close contact. 

It is interesting that a similar effect can be, very roughly, traced in the 
wet hemoglobin projection on (010). Nearly all the peaks present He 
close to points on a network formed by intersection of the planes (006) 
and (1201) (figure 9). Bernal’s procedure would lead one to deduce that 
here again the molecular pattern was roughly hexagonal in projection 
and formed by thirty-six points about the origin, — significantly double 
the number in insulin. Counting the origin peaks, the structures in insulin 
and hemoglobin would consist of nineteen and thirty-seven subgroups in 
projection, respectively. 

Whatever is the interpretation of these effects, it is certain that the 
(1201) plane is important in the hemoglobin crystal structure. The two 
greater refractive indices of the crystal lie parallel to this plane, and also 
probably, from the examination of the absorption spectra (6), the heme 
groups of hemoglobin. 

There are considerable diflSculties in seeking an explanation of these 
Patterson projections, particularly in the more complicated structures 
such as lactoglobulin and hemoglobin. In these cases every maximum in 
the Patterson projection may correspond either to an intermolecular or 
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to an intramolenilar vector and probably to both. The case of insulin is 
simpler, since thf‘ individual maxima must represent intramolecular vec- 
tors, the only doubt being with which molecule and with how many mole- 
cules in the lattice they are associated. It seems possible at first sight to 
make the distinction by companng the wet and dry (0001) patterns from 
insulin. Here one would naturally associate the vectors that appear to 
move together with intramolecular vectors within one molecule, and this 
assumption has, in fact, underlain much of the previous discussion. It is 
clear that t\w peak movement is such that it tends to bring the peaks asso- 
ciated by Dr. VVrinch as due to vectors within one molecule out of co- 
ordination with one another. Other assumptions than simple movement 
would therefore have to be introduced to relate the Wriiich structure to 



Fig. 9 Hemoglobin Idealized picture of the xz projection, showing the net- 
work of ]>oints with the outlines of six intramolecular patterns. The distances 
apart of the intersections of the network arc 8 6, 9 1, and 11 A. The two central 
hexagons arc at z =« i, the others at z = 1. 

the insulin patterns. It is reasonable to compare with this conclusion 
the effects to be expected with the model proposed by Bernal for insulin. 
Bernal has suggested that the molecules can be considered as consisting 
of a number of subgroups arranged in cubic close-packing. In projec- 
tion the point-group associated with this structure is shown in figure 10, 
together with that on which the Wrinch interpretation is based, for com- 
parison. The Patterson projection derived from the Bernal arrangement^ 
is one in wdiich all the peaks arc complex and include three or four intra- 
molecular vectors which coincide in the pattern from air-dried insulin, 

* Examination of figure 10 w ill show that the two groups at 3 and 3' in the Bernal 
structure are not at the same z level. The criticism of this theory by Wrinch and 
Langmuir (Proc. Phys. Soc. (London) 51, 617 (1939)) is therefore not valid. 
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owing to the close-packed arrangement described above. The short 
vectors within one molecule contribute most to the peak intensity. On 
turning the molecule out of the close-packed positions one would expect 
the movement to be reflected in the peak positions, but these should also 
be considerably blurred if the movement is not exactly into the next close 
contact positions. Blurring certainly appears to be present, but not 
quite in the direction expected from simple theory. It is clear that in 
both cases it may be argued that deductions from the point-groups alone 
are oversimplified and that complete agreement will depend on the molec- 
ular model adopted. 

The two theories are derived from quite different molecular models. 
According to the Wrinch theory, the insulin molecule Is a single poly- 
hedron; in the Bernal theory it consists of subgroups of twelve or twenty- 
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Fig. 10. Insulin: (a) Wrinch point group, (b) Bernal point group. The points 
at different heights are indicated by the variation in shading. 


four amino-acid residues which are arranged in cubic close-packing, and 
probably linked through R groups such as cystine or glutamic acid. The 
amino-acid residues in each subgroup are linked in a chain and can be 
ordered in several ways, e.g., to cover the surface of a cube. Other poly- 
hedra midway in size between these two have been devised by Talmud (7), 
and certainly there are quite different possibilities. It is clear from the 
existing controversy that no theory so far put forward is completely con- 
vincing; and in conclusion I should like to emphasize two points in the 
insulin data that seem important. 

First, as an experimentalist, I should prefer to associate angular shift of 
the Patterson peaks for w^et and dry insulin with that of the molecule. 

Secondly, I am strongly of the opinion that the peak arrangement in 
air-dried insulin and its relation to close-packing structures is no accident, 



228 


DOROTHY CROWFOOT 


but is an expression of soin(‘ characteristic of the actual protein structure, 
whether this has the form discussed by liernal or one completely different. 
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I. Introduction 

The metal" olefin compounds have received considerable attention re- 
cently, — in part because of their practical importance, but primarily 
because of the many challenging problems centering around their structure. 
From the time the ver3^ first of these compounds was prepared, the mode 
of linkage of the double bond to the metal has been the subject of much 
speculation. While the ability to combine with olefins is (piite widely 
distributed among the metals, it is most strongly exhibited by olatinum. 
The formation of such compounds is not lim'ted to hydrocarbons alone. 
Analogous substances containing unsaturated alcohols, acids, aldehydes, 
and esters are known, and in each of these the unsaturated molecule seems 
to occupy only one coordination position in the complex. 

j ^ Present address: Department of Chemistry, University of Wisconsin, Madison, 
Wisconsin. 
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II. Historical 

A. COMPOrNDS OF THE GROUP VIII METALS 

1 , Platinum olefin compounds 

The credit for prepariiif^ th(‘ first compound of this typo is to be given, 
perhaps, to Z(iise, who in 1827 published a note concerning the research 
which was being don(‘ on platinum compounds in his laboratory (125). 
Three years lat(‘r this work was published in Latin (126), and the following 
year a condensed foim appeared in German (127). Berzelius ( 8 ) in 1830, 
however, had reported that by refluxing a mixture of alcohol and sodium 
chloroj)latinate a very acid solution was obtained, which, when concentrated 
with potassium chloride, yielded yellow crystals. Qualitative anal 3 ^sis of 
this substance mdicab'd it to be a double salt of potassium chloride and 
platinous chloruh', along witli an ^‘atherartigen Substanz.” When Zeise's 
inv(\stigation appeared shortly thereafter, Berzelius concluded ( 9 ) that 
his product w^as identical with that obtained by Zeise. 

Zeise discajvered that wlicn platmic chloride was boiled with alcohol 
an acid solution n'sulted. By treating this solution wuth potassium chlo- 
ride he obtained a compound in which potassium, platinum, chlorine, and 
the constituents of ethylene were present. Th(‘ com()Osition of the an- 
hydrous substance was indicated to be KGl PtCL- 02114 . These analyses 
w^erc immediately challenged by Liebig (70), who maintained that the 
anh^^drous salt still contained the components of one-half a molecule of 
water for the simtilest formula. He thought that the radical C 4 H 10 O was 
prescuit and that ihc correct formulation of the compound should be 
2K(d C 4 H 10 G. Repetition of the analysis by Zeise (128) simply 

served to confirm his original contention that ethylene was present. 

Zeise considered tbat he had obtained the basic compound of this series 
of substances, PtGl 2 CbH 4 , by treating the ammonium salt (prepared 
similarly to the ])otassium salt) with chloroplatinic acid. His product, 
however, was probably the more or less decomposed acid H[PtCl 3 'C 2 H 4 ], 
now" generally referred to as “Zeise’s acid.^^ The potassium and 
ammonium salts he obtained were jirobably KfPtCL- C 2 H 4 ] • H 2 O and 
NH 4 [PtGl 3 'G 2 H 4 ] H 2 O. Zeise apparently also prepared the non-ionic 
compound [ Pt G b • M L • C bH 4 ]. 

Gness and Martius (32), in 1861, not only confirmed Zeise's formula 
but also diunoristrated that ethylene was liberated when Zeise^s compound 
was thermally decomposed. These workers also prepared compounds 
analogous to Zeise ’s salt but containing aniline hydrochloride, diphenyl- 
amino hydrochloride, and ethylenediamine hydrochloride, instead of 
ammonium chloride and potassium chloride. The structures which Griess 
and IVIai tius proposed for these compounds are mainly of historical interest 
at present. 
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Hoping to settle conclusively the question as to whether these substances 
actually contained ethylene, Birnbaum (13) undertook to synthesize such 
compounds by a method different from any heretofore employed. The 
reaction of alcohol on platinic chloride is apparently quite a complicated 
process, as evidenced by the great variety of products obtained. For this 
reason Zeise was unable to clarify completely the course of the reaction. 
Birnbaum contended that the fact that Griess and Martius had observed 
ethylene as one of the decomposition products of Zeise^s salt was not proof 
that ethylene as such was present in the molecule originally; it might be 
simply a secondary decomposition product. This seemed even more 
plausible when it was considered that the thermal decomposition of the 
salt gave not only platinous chloiide and ethylene but also an appreciable 
quantity of metallic platinum and carbonaceous decomposition products, 
Birnbaum reasoned that if the complexes could be synthesized fiom ethyl- 
ene as a starting material, all ambiguities as to the resulting structure would 
be eliminated. He succeeded in making not only ('thylene but also sevi'ral 
of its homologs combine with platinous chloride dissolved in hydrochloric 
acid. Treatment of the resulting solution wdth potassium chloride gave a 
substance which proved to be Zeise^s salt, KC'l PtCb 02114 H2O. The 
corresponding propylene compound was obtained in the same way. Amyl- 
ene was found to react under similar conditions, but the compound formed 
was very unstable. The amylcne compound was also obtained by employ- 
ing Zeise^s method, i.e., refluxing amyl alcohol with platinic chloride. The 
results indicated to Birnbaum that the coordinating abilities of propylene 
and amylene are certainly less than that of (ethylene. 

Since an aldehyde was detected as one of th(.‘ products of the reaction 
of an alcohol with platinic chloride, Birnbaum proposed the following 
equation as the probable course of the primary reaction : 

PtCb + 2C2H6OH PtCl2 C2H4 + CH3CHO + H2O + 2HC1 

Zeise (129) had also demonstrated the presence of an aldeh3^dc in his distil- 
late. Moreover, he had isolated ethyl chloride, which was formed as a 
secondary product, and literally expressed the above equation in words. 

An attempt by Birnbaum to prepare Zeise salt by the reaction of ethyl- 
ene on a potassium chloroplatinite solution was unsuccesvsful. When 
platinic chloride was refluxed with methyl alcohol, partial reduction of the 
platinic chloride to platinous chloride appeared to take place, but no 
further reaction occurred. 

Using Zeise b original method, Chojnacki (18) prepared the ethylene- 
platinous bromide compound KBr-PtBr2*C2H4 H20, which was entirely 
analogous to Zeise^s salt 

* Jorgensen (61) sought to improve the yields of these olefin compounds 
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by a modification of Berzelius’ method (8). Apparently only one attempt 
( 96 ) had been made to repeat Berzelius’ experiment, and this had resulted 
in failure. Jorgensen found that the reaction was slow and that refluxing 
with absolute alcohol for about 10 hr. was necessary. The solution be- 
came acidic and some reduction to metallic platinum occurred. The very 
soluble* potassium salt of Zeise’s acid could be obtained from the resulting 
yellow solution, but Jorgensen more conveniently isolated the acid as its 
tetrammine platinous salt, the formula of which he indicated as 

• NITa NH,vCl Cl Pt.C2H4Cl 
rt 

. NHs . NPI 3 . Cl . Cl . Ft . C2H4CI 
The primary reaction for this method was given as follows: 

NajPtCJ* + 2C2IUOB 2 NaCl -f H[PtCl8 C2H4] 

+ HCl + CH3CHO + H2O 

Biilmann ( 10 ) demonstrated that the same general type of compound 
can be made from an unsaturated alcohol. Allyl alcohol reacted readily 
with a warm aqueous solution of potassium ohloroplatinite according to the 
equation 

CzU.OR + KjPtCU KtPtCU CaHtOH] -h KCl 

This alcohol did not react, however, with the acid H2PtCl4. The com- 
pound K[PtBr3 (’alTsOH] was obtained in a strictly analogous manner 
(11) from potassium bromoplatinite. 

Unsaturated acids were found (12) to form complex compounds with 
platinum, according to the general reaction* 

K.PtCU + Un KIPtCh Un] + KCl 

Intere.stingly enough, acids with the double bond in the a-position with 
respect to the carboxyl group did not form complexes; however, acids in 
which the double bonds were in the )S-position or farther removed from the 
caiboxyl group formed complexes, although it was observed that the rate 
of reai'tion of the latter class was slower than with allyl alcohol. 

Wlu n a suspension of platinous chloride in trimethylethylene is satu- 
rated with gaseous hydrogen chloride, a brown liquid is obtained from 
which a ])latinous chloride trimethylethylene complex, 2PtCl2 C6Hio, 
may be isolabnl (68). The reaction is slow. The tine molecular weight 
of the substance was not determined. 

A number of compounds analogous to Zeise’s salt, containing unsatu- 


■ Un »« olefinic molecule. 
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rated acids, esters, alcohols, and aldehydes, were obtained from potassium 
chloroplatinite by Pfeiffer and Hoyer (94). The course of these reactions 
was followed by a color chanj?e of the solution from red to yellow as the 
potassium chloroplatinite was converted into the complex. Inasmuch as 
Pfeiffer and Hoyer were unsuccessful in obtaining complexes of olefinic 
substances with aluminum l^romide, stannic chloride, etc., they suggested 
that the olefin bond might conceivably be a specific coordinating group 
for platinous salts. 

Anderson (8) succeeded in isolating the primary member of the ethylene 
scries, PtCl2-C2H4, from the solution ol)tained by reducing sodium chloro- 
platinate with alcohol by evaporation below 50°C. in a liigh vacuum. A 
brown, tarry, strongly acid mass was obtaiiu‘d, from which the ethylene - 
platinous chloride was separated by extraction with chloroform, followed 
by recrystallization from benzene. The analogous compound, styrene- 
platinous chloride, PtCh-CeHsCII— CH2, was also obtained (4). A sig- 
nificant reaction was utilized in this preparation styrene was found to 
displace ethylene quantitatively from PtC'h (-'2H4 m a vacuum at room 
temperature. P^mfiloying the same method, Anderson readily obtained 
potassium styrenetrichloroplatinite, KIPtC^a-C'eHsCHI—CIh], from ZeiHe^s 
salt. The coiTesponding indene comj)ound was found to be much less 
stable, and while the cyclohexene compound could not be isolated, its 
formation was indicated. The only comf)ounds obtained which were com- 
parable in stability to Zfhse’s eth^di'ne compounds were styrene* platinous 
chloride and potassium styrenetrichloroplatinite. 

As a result of this systematic investigation, A^nderson drew the interesting 
conclusion that the coordinating abilities of the olefins decrease in the 
order CH2=CH2 > C6 HgC 1I=CTI2 > indene > cyclohexene > 
C2H5 

\ 

(C6H6)2C=CH2 and C=CH2. Although no pure compounds of the 



type PtCl2-2C6H6CH=CH2 could be isolated, Anderson found evidence 
for their existence. 

A somewhat radical departure was made by Kharasch and Ashford (64) 
in the method of preparing compounds of the type PtCh* Un. Anhydrous 
platinic chloride or bromide was treated in an anhydrous solvent with the 
olefinic substance. The method is a rapid one and seems quite general. 
The reactions involved are not well understood and are probably complex. 
Hydrogen halide is usually evolved during the reaction, and in some in- 
stances a small quantity of platinum separates. Halogenation of the 
unsaturated compound may also occur. As pointed out by Kharasch and 
Ashford, the most direct method would be to combine a platinous halide 
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with an unsaturated compound, but attempts to apply this method have 
b(^en less salisf?u‘tory, owing to the insolubility and inertness of these 
platinous rompounds. 

Th(* nK‘thod of Kharasch and Ashford gave compounds with chloro- 
substitut(‘d ok'fins but did not seem applicalde to unsaturated acids and 
their est(‘rs It is interesting to note that /rans-dichloroethylene and 
iran.s-diph(‘nyl(*l})yl(‘ne formed crystalline coordination compounds with 
platinum, wln^H^as tli(‘ coru'spondmg m-isomers failed to react. 

C'hernya(‘v and Herman (17, 87) pre])arcd Zeise^s salt by passing ethyl- 
en(‘ for 15 days through a conccuitrated aqueous solution of potassium 
chlorof)Iatmit(‘ eontaimng 8 to 5 jier cent of hydrochloric acid, precip- 
itating th(' t(!tranimin(' salt, [Ft (\Tl3)4] [PtCl 3 -C' 2 H 4 ] 2 , with aqueous 
[Pt(N1104]Cl2, and regenerating K[Pt(’l3*t ‘xlHJ with potassium chloro- 
platinite ('omtiounds of the general formula [PtRX 2 CyR] were also 
prepared. In this scaaes R eiiuals thiourea, ammonia, pyridine, and 
(luinolin(‘, and X eijuals ( X", XC'S, N() 2 , 1, Br, and Cl. 

HePman (‘\amined (39) the int(‘resting question as to whether the pres- 
ence of tw'o dou))l(* bonds, as in butadiene, makes it possible for such a 
substance to occiqiy two coordination positions and thus form a five- 
m<'mher(‘d ring I'he evidiaice seems to indicate that no ring is formed 
and that each doulile bond functions separately. Only one coordination 
position is therefore takcui up in such compounds as [PtCb C 6 H 6 N*C 4 H 6 ] 
and [PtCb-NHa Cyie] 

2. Palladium -olefin compounds 

The palladium okjfin compound RdCb-CsHio was reported (68) to be 
formed when palladous chloride, trimethylethylcne, and a trace of some 
liasic substance were allowed to react in a closed tube at room temperature. 
Kharasch, S(‘yl(‘i, and IVIa^o (65) w^ere completely unsuccessful in their 
attmnpts to prepare the same and analogous compounds by this method. 
A (piiti' clifTerent afiproach to the problem by these workers, however, 
resultial in the development of a very effective and general method for the 
preparation of these compounds Palladous chloride was converted into 
the dibenzonit rile -palladous chloride derivative, which, strikingly enough, 
reacted veiy rapidly at room temperature with olefins to yield the desired 
derivatives. The steps in such a preparation are indicated below:* 

PdCb + 2C*H6CN (Cyi6CN)2PdCl2 
2(CJUCN)2PdCl2 + 2Un [PdCb Unjj + 4 C 6 H 5 CN 

• Sec page 249 for the proof of the dimeric structure of [PdCh Un)*. 
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The displacement of the benzonitrile was thought to take place prac- 
tically quantitatively, but, because of the experimental difficulties involved, 
the yields seldom exceeded 70 pei cent. By the use of this metliod com- 
pounds containing ethylene, isobutylene, cyclohexene, and styrene were 
obtained. 

8. Iron-olefin compounds 

Kachler (62) reported the preparation of the compound FeCb -02114 • 
2 H 2 O and pointed out that it corresponds to the ethylene-platinous chlo- 
ride compound PtCl 2 *C' 2 H 4 . This substance was said to form when ferric 
chloride in ether in the presence of a small quantity of phosphorus was 
heated in a sealed tube. The following equation \vds given for the re- 
action : 


2 C 2 H 6 OC 2 II 6 + 2FeCl3 2C2n4.FeCl2 + 2CJB,Oli + Ch 

Efforts to prepare the compound from alcohol instead of ether wore not 
successful. 

An attempt was made by Chojriacki (18) to prepare the compound re- 
ported by Kachler, starting with ferrous chloride and ethylene. This 
corresponds to the method used by Birnbaum in preparing ethylene- 
platinous chloride from ethylene and platinous chloride. Chojnacki was 
not successful in this, but claimed that he did prepare the corresponding 
ethylene -ferrous bromide compound whose composition he gave as 
C2H4 FeBr2*2H20. lie also stated that a solution of this compound, 
when treated with a concentrated solution of potassium bromide and 
evaporated slowly, deposited almost colorless crystals which upon analysis 
were shown to contain iron, bromine, potassium, and ethylene. No 
formula was advanced for this substance. 

Manchot and Haas (75) were unable to repeat the work of Kachler and 
Chojnacki. They claimed that Kachler^s supposed ethylene ferrous 
chloride was really a partially decomposed ether addition compound. 

The long heating of iron pentacarbonyl with butadiene was reported 
(97) to give the complex re(CO) 3 -C 4 H$, in which two of the five carbon 
monoxide molecules of the carbonyl had been replaced by one molecule 
of butadiene. The unsaturated hydrocarbon occupies one or two coordina- 
tion positions of the iron atom. Less well-defined compounds approxi- 
mating to Fe(CO) 3 -(C 6 H 8 ) 3 , Fe(CO) 3 -(C 6 H 8 ) 2 , and Fe(CO) 3 - (CeHjo )2 
were obtained with isoprene and with i 8 , 7 -dimcthylbutadicne falso see 
page 236). 

Iridium- olefin compounds 

Sadtler (100) reported the preparation of the iridium chloride -ethylene 
complex IrCl 2 C 2 H 4 by the treatment of iridic chloride with absolute 
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alcohol. The equation for the reaction was said to be similar to that for 
tlu* pre])aration of the corresponding platinum compound. When the 
resulting solution was treated with potassium chloride or ammonium 
chloride, mixtures of substances resulted. The following complexes were 
said to ha\(‘ )>een identified in these mixtures: 

hCh (’ 2 lT 4 \II 4 CI HsO or NH 4 [IrCl 3 Cyi 4 ]-H 20 

lKn2(Cyi4)2-2XIl4Cn or (NH4)2[IrCl4(C2H4)2] 

M\ C 2 U, 2KC\ XHoO 

No com])ounds of iiidium could be; obtained by passing ethylene through 
an indium chloride* solution, nor did a reaction occur when iridium chlo- 
ride wius treat (‘(1 directly with ethylene. 

If the a])ov(* complexes are true ch(*mical individuals, the compound 
(Nil 4 ) 2 [lrC’l 4 (C' 2 H 4 ) 2 l has no counterpart in the platinum series. However, 
the above experim(‘iital work does not appear convincing, and these sub- 
stanc(‘s would bear furth(‘r invosligation. 

n (^IMPOUNDS OP OTHER METALS 

1. Aluminum-olefin compounds 

The product obtaiii(‘d by cracking petroleum with aluminum chloride 
tinder c(‘rtain conditions consists largely of saturated hydrocarbons. On 
the theoiy that the aluminum chloride combines with any unsaturated 
hydrocarbons form(*d and holds them back from the distillate, Henderson 
and Gangloff (12) siudi(‘d the reaction of aluminum chloride wdth various 
uiisaturat(*d mok'c'uh's. Direct reaction of the unsaturated molecule with 
anhydrous alumimim chloride proved to be unsatisfactory as a means of 
obtaining comjamnds which approached definite compositions. A fairly 
nice crystalline ])roduct w^as obtained from a solution of aluminum chloride 
in absolute* alcoliol into which ethylene was passed. This substance was 
extrcmiely diflicult to analyze because of its instability and hygroscopic 
character, but sc'crned to correspond to the formula AlCU 3C2H4-H20. 
Later (27) a sc'cond product w^as obtained wdth ethylene, wLich appeared 
to be either Altd3.302H4-2H20 or AICI3 C 2 H 4 2 C 2 H 6 OH. In a similar 
way th(*se investigators w'ere able to prepare compounds of aluminum 
chloride wuth other unsaturated hydrocarbons as well as with unsaturated 
acids, aldehydes, and alcohols. 

Very similar results wxre obtained with ferric chloride, although the 
reactions w^ere less \’igorous and not so complete. Ferric chloride and 
amylene in methyl alcohol gave FeCls-CNHio-t'HaOH. 

From the results of a study of the reactions of aluminum chloride and 
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unsaturated hydrocarbons, Stanley (111) concluded that any explanation 
for such reactions must take into account the formation of an aluminum 
chloride- hydrocarbon complex. Results of an earlier study led Szayna 
(115) to somewhat similar conclusions. 

Zinc- olefin compounds 

There seems to be some evidence (67, 68) for the existence of addition 
compounds of zinc chloride and amylcne, various formulas havinfj; been 
reported, such as ZnCh-CsHio and 2ZnCl2 C6Hjo. Those apparently 
have been little studied and their exact nature is not clear. 

5. Copper-olefin compounds 

Berthelot (7) observed that a hydrochloric acid solution of (!uprous 
chloride absorbed ethylene to the extent of 0.17 mole ethylene to 1 mole 
of cuprous chloride. Propj^lene was absorbed to a slightly greater extent, 
the ratio being 0.25 to 1. 

It was reported by Manchot and Brandt (74) that cuprous chloride and 
ethylene combine to form an unstable compound in which 1 mole of ethyl- 
ene unites with 1 mole of cuprous chloride. The combination did not occur 
in the absence of water. The compound was too unstable to isolate, and 
these investigators considered that the combination between these two 
molecules occurs not through specific atoms but through “latent affinities^' 
of the entire molecule. 

Ethylene under pressure was found to give with solid cuprous chloride 
an addition compound (117) which contained 1 mole of ethylene to 1 mole 
of cuprous chloride, CuCl - 02114 . It is interesting to note in this connec- 
tion that no polymerization of ethylene was observed in the presence of 
cuprous chloride at pressures of 65 to 80 atmospheres and temperatures of 
100 to 200^0. 

Later (30) it was shown that such a reaction is not limited to ethylene 
and cuprous chloride. Ethylene, propylene, and isobutylene are absorbed 
by solid cuprous chloride, and ethylene is absorbed by cuprous bromide. 
Under suitable conditions olefins may be recovered from gaseous or liquid 
mixtures by the use of solid cuprous halides. 

Cuprous chloride also forms a complex with butadiene (72). This is a 
rather stable pale yellow powder having either the composition Cu 2 Cl 2 - 
C 4 H 6 -41120 or CU 2 CI 2 *04116, depending upon the conditions under which 
it is prepared. 

4 . Silver-olefin compounds 

By means of a distribution method, Winstein and Lucas (123) have 
studied the coordination complexes which the silver ion forms with various 
61efinic substances. The method consists essentially in distributing the 
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unsaturatecl compound })otweon carbon tetrachloride and aqueous silver 
nitrate, or between carbon tetrachloride and mixtures of silver nitrate and 
potassium nitrate, and comparing the quantities of the organic substance 
dissolved in th(‘ aqueous layer under these circumstances with the quan- 
tity dissolved in the a{pieous layer when the latter contains only potassium 
nitrat(‘. 

The unsaturated compounds used were certain monoolefins, diolefins, 
and unsaturated oxygenated compounds, such as allyl alcohol and croton- 
aldehyde The reaction to form a complex was found to be rapid and 
reversibk*. I’hree types of complexes were observed: (1) combination of 
on(‘ silver ion witli oik* unsaturated molecule, {^) combination of two silver 
ions with one unsaturated molecule, and (3) combination of one silver ion 
with two unsaturated molecules. In most casiis only solutions of these 
compl(‘xes W(*re obtained, although in the cases of two hydrocarbons solid 
silver complexes were isolated. 

According to VVinstein and Lucas, probably the first step in the chemical 
change which takes jilace when a silver -olefin complex is formed is the 
replacement of a coordinated water molecule by the ethylenic molecule, as 
follows. 

Un + (Il 20)2 Ag+ ^ Ln(H 20 )Ag'^ + H 2 O 

Therefore, it follows that if the strength of the coordinate bond holding a 
water molecuk* is much gr(*ater than the strength of the silver ^olefin bond, 
there will be little or no tendency for the olefinic substance to form a com- 
plex with the silver ion. Of the ten metallic ions studied in this work, 
silver ion was the only one which entered into complex formation. In 
aqueous solution the following ions failed to form complexes with an olefin: 
Cd++, CV)+^, Cr^^ L Cu+S Ni^+ Pb++, T1+, and Zn-^L 


Mercury-olefin compounds 

The compounds of olefinic substances with mercuric salts have been 
more* extensively studied than any other class of olefin- inorganic salt 
comj)le.\es. Th(‘se compounds seem for the most part to be of a somewhat 
difr(MH*nt type** from those of platinum, palladium, silver, etc. 

Mercury compounds have been made containing ethylene and its homo- 
logs, both aliphatic and aromatic unsaturated alcohols, and unsaturated 
acids. The gaseous olefins react readily with mercuric salts to form com- 
pounds (20, 4fi. 102, 103) from which the olefins may be regenerated by the 
a(*tiori of hydrochloric acid. The corresponding reaction of the higher 
olefins is freque ntly accompanied by reduction of the mercurj^ to the mer- 
curous state with simultaneous oxidation of the hj^drocarbon. If alcoholic 

* The structures of the mercury-olefin compounds are discussed on page 258. 
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solvents are employed, the solvent sometimes enters into the reaction and 
the final products then contain alkoxyl groups. Tausz ( 116 ) has described 
compounds of mercuric acetate with cyclohexene, methylcyclohexene, and 
the terpenes. He also prepared double compounds of amylene and hexene. 
Hugel and Hibou ( 50 ) have reported that for each olefin the addition 
compounds with mercuric salts have variable compositions depending on 
the experimental conditions. 

As a class, the mercury- olefin compounds are useful as intermediates 
in organic syntheses. 

6, Miscellaneous compounds 

In connection with the compounds of olefins with inorganic salts, the 
work of Hofmann and von Narbutt ( 47 ) should be mentioned. These 
investigators reported an unusual reaction which appears to involve direct 
addition across the double bond. The reaction between dicyclopcintadiene 
and potassium chloroplatinite in propyl alcohol yielded a product, 
PtCb * 0101112 , which probably should be formulated as PtCl • C10H12CI. 
This compound is said to differ verv markedly ( 4 ) in properties from the 
ethylene- and styrene- platinous clilorides. 

Other unsaturated hydrocarbon-metallic salt complexes have been 
reported. These do not fall within the province of this survey and will 
therefore be considered only very briefly. Acetylene complexes of alumi- 
num and copper salts are known. Typical of these are the following. 
AICI3 3C2H2 H2O ( 42 ), 2Cua.C2H2, and KCl.4CuCl.C2H2 ( 121 ). A 
number of complexes of aluminum chloride and aluminum bromide with 
benzene and substituted benzenes have been prepared. Of these the follow- 
ing are representative : AlCls-SCeHe ( 121 ), Al2Cl6.2s2/^-C6H3(C2H6)*.HCl, 
Al2Br6.s2/m-C6H3(C2H6)3, and AbBre-CeHsCHs ( 84 ). Investigations seem 
to indicate that the stability of such complexes increases as the number of 
alkyl groups present increases. Antimony pentachloride forms compounds 
with several aromatic hydrocarbons; the reaction with anthracenci to give 
an intensely green precipitate has been suggested as a qualitative means of 
identifying this hydi’ocarbon ( 43 ), Antimony trichloride is reported ( 99 ) 
to form the complex SSbCla-C^Hs. The compound Ni(CN)2 NIl3‘C6H« 
results ( 45 ) when a strongly ammoniacal solution of nickelous cyanide is 
shaken with benzene. Similar compounds containing phenol, aniline, 
thiophene, and pyrrole instead of benzene have also been obtained ( 44 ). 

III. Discussion op Methods of Preparing Metal-Olefin Compounds 

From the foregoing survey it is evident that most of the satisfactory 
methods for the preparation and isolation of metallic salt-olefin complexes 
are concerned with platinum and palladium compounds. For this reason 
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the following disrussion of the relative merits of the more important prepa- 
ratory m(‘thods IS eonfined to the compounds of these two metals. 

Method A - Thc' reduction of platinie chloride by a saturated primary 
alcohol (Z(‘is(‘V original method) seems to involve many side reactions, and 
the yi(‘lds of the corr(‘sponding olefinic complex are never high. 

Method B -The r(*action in which sodium chloroplatinate is reduced by a 
saturated f)iimary alcohol likewise is very complex and is none too satis- 
factory for other than ethyl alcohol. 

Both iiK'thods A and B give, obviousl}^, only the a-unsaturated com- 
plexes. 

Method C —In reactions of olefinic compounds with potassium chloro- 
platinite in aqueous alcohol solution, the unsaturated molecule enters the 
coordination sphere and displaces one chloride ion: 

K 2 Pt(n 4 + Un -> K[PtC:i 3 .Un] + KCl 

'Hi is displacement procetHls at loom temperature or slightly above but is 
slow, owing to the insolubility of the chloroplatinite in alcohol. Reactions 
of this type are reversilile (4), and in carrying out preparations by this 
method an (ajuilibrium must be attained. Zeise^s salt is stable enough 
to be n'crystallized unchanged in the presence of an excess of potassium 
<*hlorid(' oi hydrochloric acid, while with other olefin complexes under the 
same conditions recrystallization may load only to potassium chloro- 
platinite (13). And('rson points out that the extent to which the olefin- 
containing (‘ompk’x anion is formed in this reaction may thus afford some 
qualitative measun* of the (‘oordiiiating pow^er of the olefin. 

Method I ). — In some cas('s ol(*fins add directly to platinous chloride dis- 
solved in an absoiut<‘ alcohol hydrochloric acid mixture (4). Since the 
system is lu>mog(m(M)us, the reaction proceeds quite rapidly but usually is 
incomj)let(', owing to tlu' pnvseiK'e of the necessarily high concentration of 
hydrochloric acid. 

Method E- A significant method of preparation is by the direct replace- 
nu'iit of oiu' olefin by anotluT either under reduced pressure or in solution. 

(/) Pnder reduct'd ])ressure: As Andei'son points out (4), the factors 
iinolvt'd here are the relative stabilities of the salts, i.e., the 
relativt' (‘oordmating tendencies of the olefins, and the relative 
vokitilitK's of the olefins under reduced pressure. Styrene readily 
di.splaces ethylene from Zeise^s salt, yet the styrene complex is 
definitt'ly less stable than the ethylene salt. 

(i?) In solution; In some cases this method might be of some importance. 
It was found to be applicable to the palladium olefin compounds 
(65), but as a means of preparing these complexes was of only 
secondary importance. 
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Method F . — Undoubtedly the most satisfactory method of preparing 
complexes of the type [PtX2'Un]2 is the method in which the platinic halide 
is treated in an anhydrous solvent, such as benzene or glacial acetic acid, 
with the unsatiirated compound. The reaction proceeds smoothly and 
good yields are obtained. In general, platinic bromide is somewhat better 
for these reactions, probably because the bromide is more sohible than the 
chloride. 

Method G. — Palladous chloride olefin derivatives can be prepared by the 
action of the olefin on dibenzonit rile palladous chloride. The reaction 
takes place readily and giv(*s good yields. 

It is interesting to note in this connection that \/hile. dibenzonitrile- 
palladous chloride reacts with olefins to give compounds of the type 
[PdCl2*Un]2, the platinous chloride compounds (RCN)2 Pt(l2 do not react 
with olefins. As a matter of fact, the nitrile-platinous chloride compounds 
can be formed from the olefin derivatives and a nitrile. 

IV. Properties and Reactions of Metal- Olefin Compounds 

The coordination compounds PtCb Uu (usually formulated as 
[PtCl2-Un]2)^ are wTll-defined crystalline substances. They are decom- 
posed by water, but in general are soluble in ('ther, (‘hloroform, alcohol, 
and acetone. They are difficultly soluble or insoluble m glacial acetic acid, 
and only moderately soluble in cold benzene. Most of these compounds 
do not possess sharp melting points but darken over a range of several 
degrees. Their stabilities vary widely, the compound obtained from trans- 
dichloroethylene decomposes in several days, while that from dipentene 
remains unchanged after standing in the air for tc n months ( 64 ). 

The ethylene complex [PtCb • C2H4]2 ( 3 ) and the isobutylene complex 
[PtCl2 (CIl3)2C=CH2]2 ( 64 ) are said to dissolve in aqueous potassium 
chloride or sodium chloride, presumably forming compounds analogous to 
Zeise’s salt; 

[PtCl2 -(CH3)2C=-CH2]2 + 2 NaCl 2 Na[PtCl 3 - (CH 3 ) 2 C=Cn 2 ] 

The ethylene -platinum compound [PtCl2 C 2 H 4]2 decomposes without 
melting and does not combine with a further molecule of ethylene. This 
is in contrast to the reaction of PtCb-CO, which with carlxm monoxide 
readily forms PtCl2-(CO)2. 

A further interesting and possibly significant reaction of the ethylene- 
platinous chloride compound is the fact that it is rapidly and quantitatively 
reduced by hydrogen at room temperature to platinum, hydrogen chloride, 
and ethane ( 3 ) : 

[PtCl 2 C 2 H 4]2 + 4 H 2 2 Pt + 4 HC 1 + 2C2H6 

^ • See page 249 for proof of dimeric structure. 
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The analogous styrene-platinous chloride, [PtCU CeHsCH^CHaJa, is 
likewise reduced with extreme ease, reacting with hydrogen below 50 ®C. 
At higher temperatures incandescence may accompany the reaction ( 4 ), 

When these substances are treated with pyridine, decomposition of the 
complex occurs and the olefin and pyridine platinous chloride result ( 64 ) : 

[PtCh-UiiJs + 4C5H5N — 2 Un + 2[PtCl2(C5H6N)8] 

Concentrated hydrochloric acid causes decomposition in the following 
manner: 

[PtCbUn], + 4 HC 1 — 2 Un + 2H2PtCl4 

Bromine also decomposes these compounds; the liberated olefin in turn 
is brominated: 

[Pt(l2'Un]2 + 2Br2 2UnBr2 + 2PtCl2 

As pn'viously nu'ntioned, styrene and amylene can displace ethylene 
from [Pt('l2*C2ll4]2 at room temperature under reduced pressure ( 4 ). 

The potassium salts KiPtCU- Un] are usually too soluble to be obtained 
in the pure state and an^ more conveniently isolated as salts of [Pt(NH3)4j'^'^, 
strychnine, brucine, [Coen2(C204)] ^ and fran6-[Coen2Cl2] ^ The last two 
ions are in general more satisfactory than [Pt(NH3)4l‘^ ^ in forming well- 
crystallized and difficultly soluble salts of [PtCU-Un]". According to 
\nderson ( 3 ), tlu^ quinolinium salts of the olefintrichloroplatinites are 
characterized by relatively high stability and low solubility. Quinolinium 
ethylenetrichloroplatinite is sufficiently stable to be recrystallized from 
boiling water; in the presence of one molecular quantity of quinoline, it is 
converted into the non-electrolyte, quinoline-ethylene -platinous chloride: 

C,II,NII[rtCls.CjH 4 ] [C,H,N.PtCl*.C,H 4 ] 

HCl 

Hot 2 N hj^drochloric acid reverses this reaction. 

Potassium cyanide effects the vigorous decomposition of K[PtCl3 • C2H4], 
ethylene being liberated quantitatively according to the equation 

KlPtC43 C2H4] + 4KCN K2Pt(CN)4 + 3KC1 + C 2 H 4 

Anderson ])oints out ( 3 ) that other reagents capable of forming complex 
platinitcs, K2PtX4, have a tendency to react similarly. However, the 
extent to which ethylene is displaced at room temperature depends on the 
nature of the complex. Anderson postulates that the reaction may pro- 
ceed by an initial metathesis to a complex K[PtX8 C2H4], which may then 
break down spontaneously in the presence of an excess of reagent. When 
X equals CN this breakdown is immediate and quantitative; for X equals 
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NO 2 , however, only a fraction of the ethylene is displaced at room tem- 
perature. The evolution of ethylene with potassium thiocyanate is 
intermediate between that of cyanide and that of nitrite. 

If ethylene-platinous chloride, [PtCl 2 C 2 H 4 ] 2 , is dissolved in hydrobromic 
acid and warmed, Chojnacki's acid, H[PtBr 8 - 02114 ], is formed. This can 
be isolated as the quinolinium salt, which is decomposed by hot water and 
is consequently less stable than the corresponding chloro compound. From 
such considerations Anderson concludes that compounds of the general 
type K[PtX 3 * 02114 ] appear to decrease in stability in the order 
X = 01 > Br > NO 2 > NOS > ON. 

Above 90°O. Zeise^s salt undergoes the following reaction with water (3) : 

K[Pt0l3.02H4] + H 2 O KOI + 2II01 + Pt + OH, OHO 

The corresponding styrene compound is somewhat less stable, dissocia- 
tion occurs slowly at room temperature in aqueous solution, with the 
liberation of styrene and the deposition of platinous chloride. 

Ethylene is almost quantitatively expelled from Zeise^s salt by an- 
hydrous pyridine (3): 

K[Pt0l3 02H4] + 2C6n6N (PtOhCOftHBN),] + KOI + C 2 H 4 

Excess aqueous pyridine ultimately transforms Zeise^s salt into tetra- 
pyridinoplatinous chloride: 


K[Pt0l8.02H4] 


pyridine 


[Pt0l2-02H4-0BH6N] 


[PtCl2(06HBN)2] [Pt(06HBN)4]01, 

The non-ionic complex [PtCl, 02114 * ObHbN], which is the product of 
the first step in the above reaction, is thought to have a fraas-configuration 
(formula 1). Aqueous ammonia gives a similar compound. If, however, 
the compound EfFtOla-OsHBN] is treated with ethylene, an isomer of the 
product of the above reaction is obtained (16, 17). This is presumably 
the m-form (formula II). 

r02H4 01 1 r 02114 011 

Pt Pt 

L Cl NCsHJ LC.HeN ClJ 
I II 


When 1 mole of Zeise’s salt reacts with 2 moles of sodium nitrite, ethylene 
splits out and Naj[PtCls(NOj)s] is formed (41): 

• K[PtCl,.CsH 4 ] + 2NaNOs -► Na,[PtCl2(N0s)j] + CjH* + KCl 
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If the proportions are mole for mole, the product is Na[PtCl2(C2H4)- 
(N()2)]. This substance is very soluble but reacts with [Pt(NH 8 ) 4 ]Cl 2 
to give [Pt(NH3)4l [PtCl2(C2H4)(N02)]2. The C2H4 and NO2 groups in 
this complex are said to be in the trans-positions. 

Substitution about the double bond in olefinic substances seems to 
lower gr(‘atly the stability of the coordination compounds of the type 
K[PtCl3 Unj ( 4 ). On the other hand, the water-solubility of the com- 
pounds deprived fiom substituted olefins is higher than that of the ethylene 
compounds. 

All of the }jalladium compounds obtained by Kharasch, Seyler, and 
Mayo ( 05 ) weie colou'd, unstable, and rather insoluble in the common 
organic soIv(‘nts. All were less stable in solution than when solid and weie 
evidently less stable in acetone and alcohol than in other solvents. As a 
class, these compounds are less stable than the corresponding platinum 
compounds. 

It might be (‘xp(‘cted that an olefin capable of forming a more stable 
compound would be abk' to displace the olefin from a less stable palladium- 
olefin com])k‘x. This appears to be the case ( 65 ). Cyclohexene formed 
the most stable compound and no other olefin was found to displace it 
from a solution of the cyclohexene -palladous chloride. The ethylene 
complex underwent displacement with cyelohexene but was not affected 
by styrene. The stabilitie*s of the palladous chloride -olefin compounds 
in solution are therefore in the order cyclohexene > ethylene > styrene. 
The (dhylene com[>ound in the dry state apparently is less stable than the 
styrene* ( ompound, ))ut this is believed to be due to the greater volatility 
of the ethylene 

Comparatively little information is available regarding the properties 
and reactions of other metal li(* salt olefin complexes. In most cases these 
substances are decidedly less stable than the platinum and palladium 
compounds and some of them are known only in solution. 

V. Technical Applications of Metal Olefin Compounds 

lliere seems to be little doubt that the metallic salt olefin complexes 
are of grt*at significance in many syntheses and processes involving olefinic 
substan(*es However, a scarcity of pure research and of pertinent journal 
and patent literature along this line makes it difficult even to speculate 
on the extent of the usefulness of these substances. Many compounds 
which are classed as catalysts for certain polymerization, hydration, and 
hydrogenation reactions may function by means of intermediate complex 
formation. The following brief survey indicates the general types of 
substances used in these and other reactions. Some are definitely known 
to form olefin complcxe^s. Many of them, however, apparently have 
never been investigated from this standpoint. 
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The gaseous olefins are readily absorbed by aqueous solutions of cuprous, 
silver, mercuric, and platinous salts (26, 79). Complex compounds are 
probably formed. The olefins can be removed from these solutions by 
warming or by reducing the pressure. Scrubbing coal gas with an acid 
solution of silver nitrate under ordinary or increased pressures at 0-10®C. 
has been proposed (48, 49, 59, 1 14) as a method of removing ethylene and 
other olefins. These olefins may be subsequently recovered by heating 
the solution to 50 "70®C. An ammoniacal solution of a cuprous salt was 
suggested (31, 60, 120) as a means of absorbing olefins (mainly ethylene) 
and carbon monoxide from coal gas, coke oven gases, and similar gases 
under 160 to 260 atmospheres pressure. The gases released from the 
ammoniacal solution may be scrubbed with either a solution of silver 
nitrate to absorb olefins or an ammoniacal solution of cuprous formate 
(6). Dubois (24) reported that both acid and ammoniacal solutions of 
cuprous chloride absorb olefins practically quantitatively from mixtures 
with other gases. Diolefins can be recovered from mixtures also containing 
monoolefins by taking advantage of the fact that the diolefins form in- 
soluble complexes with certain heav> -metal salts (36). The more im- 
saturated constituents are removed from cracked oils by heating with ferric 
chloride solution (62), and hydrocarbon oil fractions of low boiling point 
are purified by treatment with aluminum chloride below 36®C. 
(113). 

In the preparation of butadiene, advantage has b(^en takt^n of the com- 
plex-forming ability of olefins (67). Butane is catalytically dehydrogen- 
ated to butylene. This is separated from the reaction mixture by solu- 
tions or suspensions of salts that absorb olefins, as, for example, silver 
nitrate, cupric nitrate, or mercurous nitrate. The butylene is easily re- 
covered by heating the solution or reducing the pressure and is further 
dehydrogenated to butadiene. The latter can be removed by a solution 
of cuprous chloride containing ammonium chloride (72) or by other salts 
of the heavy metals of Groups I and II. 

Of the many inorganic halides which have been found effective for 
condensing or polymerizing olefins, aluminum chloride is without doubt 
the most popular (81). The exact r61e that aluminum chloride plays in 
its reactions with olefins is uncertain. In the broadest sense it is looked 
upon as a catalyst. Olefins in the presence of aluminum chloride are said 
to polymerize, Lsomcrize, cyclicize, and form paraffins and more highly 
unsaturated compounds (25). 

Aluminum cliloride has been used for converting gaseous and high-boil- 
ing olefins into low-boiling liquids (98), viscous oils (80, 106), synthetic 
lubricating oils (90), and synthetic resins -(19). A patent (64) has been 
isfeued covering the process for preparing a double compound of ethylene 
and aluminum chloride. This compound is used for condensing hydro- 
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carbons. Aluminum fluoride has also found some application in these 
processes (56). 

Boron halides, especially boron fluoride, have also been used extensively 
for polymerizing olefins. With boron fluoride, pol 3 nnniers of high molec- 
ular weight (86), rubber-like substances (21), and oils which compare 
favorably with petroleum lubricating oils (85) have been obtained. Boron 
halides aie rc'ported to form complexes with olefins; these complexes are 
useful in eff(^cting the polymerization of olefins (28). 

It seems not unlikely that the Friedel-Crafts reactions may proceed 
by iTKians of an intermediate halide salt-complex. Aluminum chloride is 
the comnK)n catal>^st for these reactions, but many other halides have been 
used (82). 

Carbonyl conipounds of mentals such as tungsten, molybdenum, and 
those of Croup \’lll of the Periodii^ S 3 \stem have been used for converting 
high-boiling Oydrocarhons into lower boiling forms by hydrogenation 
under pressure (55). 

Miitallic salt -olefin complexes are probabl.y important intermediates 
in some stages of s.Mithetio rubber manufacture', but, liere again, detailed 
information h lacking. Th<‘ pol^^merization of butadiene or of its deriva- 
tive's IS ('ffected by boron fluoride (35), aluminum cliloride (130), heavy- 
metal carbonyls such as those of iron, nickel, cobalt, chromium, etc. (2, 53), 
and by cc'itain nu'tal organic compounds, such as iron phthalocyanine 
sulfonic acid (58). Cujirous chloride solutions appear to be employed 
commercially (14, 66) to diiiK'rize acetylene to vin} lacetylene. This is the 
fii*st stop in making 2-chloro-l ,3-butadicne, wliich in turn is readily 
polymerized to an excellent rublx'r. 

I'he hydrarion of olefins in aqueous acid .solutions is frequently greatly 
accelerated by the presence' of certain metal salts. This may be another 
instaiK'e in which ok'fin complexe s are important intermediates. Of the 
many compounds which have been ust'ful in aiding these hydration reac- 
tions, compounds of the nu'tals of Oroups 1, II, IV, V, and VUI are most 
frequently mentioned (23, 33, 78, 83, 109, 110, 119). Usually soluble 
catalytic salts such as sulfates, chlorides, and c^^ano complexes (77) are 
employed dire(d4y. In some cases, however, insoluble compounds may 
be added to the solution and then converted into soluble complexes by 
passing carbon monoxide or nitric oxide through the mixture (78). 

VI. Structure of Metal- Olefin Compounds 

It seems evident that in a complex compound of an olefinic substance 
with a metallic salt the double bond is actually functioning in the metal- 
olefin union. Pfeiffer and Hoj^er (94) arrived at this conclusion because 
they found that unsaturated alcohols, acids, and aldehydes form sub- 
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stances analogous to Zeise’s salt, whereas the corresponding saturated 
compounds are completely incapable of reacting similarly. Winstein and 
Lucas (123), although admitting that the unsaturation of the coordinating 
molecule appears to be responsible for complex formation, point out that 
this interpretation is not entirely unambiguous, especially in those cases 
where the complex is composed of one metal ion and two unsaturated 
oxygenated molecules. 

The interest and importance of this group of complexes center around 
the nature of the bond joining the metal and olefinic molecule. While 
these compounds differ in no marked way chemically from other types of 
complex salts (61), the mechanism of complex formation is obscure, in 
that the coordinating group possesses no *‘lone pair^' of electrons with 
which to form the coordinate link. 

The electron-pair theory is generally accepted as offering the best picture 
of the formation of a coordinate bond and the most satisfactory explanation 
of the many properties of coordination compounds. This view, however, 
is not universally accepted. Samuel and Hunter (101) point out that it is 
not altogether clear how a closed electron-pair can be shared with a 
second atom. They believe that the conception of the lone pair of electrons 
as an agent for true chemical linkage is not entirely in harmony with the 
results of band spectroscojiy experiments. The acceptance of the electron- 
pair theory demands, in turn, the presence of a ^^lone pair^^ of electrons in 
order that an atom may exhibit ^‘donor” functions. These are not appar- 
ent in the usual formulation of olefinic substances. In the opinion of some 
authorities the formation of complex compounds of the olefins with met allic 
salts supplies an interesting te.st of the application of the lone-pair bond 
theory. 

Pfeiffer (91, 92) disposed of the structural problems associated with these 
compounds with the vague statement that the unsaturated carbon atoms 
of the olefinic molecule form the center of a region which, as a whole, is 
capable of exhibiting a kind of “secondary” valence. This so-called 
secondary valence may be satisfied by various ions or molecules. On this 
basis Zeise^s salt is indicated as K[C 2 H 4 .... PtCb]. 

Hantzsch (34) objected to this formulation on the ground that it repre- 
sents carbon as having a coordination number of 5 instead of 4. To avoid 
this, he suggested a symmetrical structure (III) for these complexes: 


I 


H2C 


H,C 


\. 
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MeCl 
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III 
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He entirely neglected, however, to elucidate the nature of the bonds be- 
tween the hydrocarbon molecule and the metal. 

Biilmann (10) suggested that with a properly substituted olefinic sub- 
stance the potassium salt K[PtCl3*tTn] might contain an asymmetric 
carbon atom; however, he Ix^lieved that resolution was probably not pos- 
sible because of the instability of the compound. 

Pfeiffer and Hoyer (94) offc'red no explanation of the structure. They 
pointed out the possibility that an asymmetric carbon atom can be present 
in certain of these compounds and gave a formula as follows : 

H 

I 

CHs— C=CHCH2 0H 

PtCbK 

IV 


Drew, Pinkard, Wardlaw, and Cox (22) proposed the following structure 
for ZeiseVs acid: 




ClCHjCHzs^ 


Cl 




;ptci 


In their opinion this compound is analogous to the corresponding ammonia 
and pyridine compounds, in which they believed that substantial evidence 
points to the ])reseiiv*e of NII3CI and CsHsNCl groups. They stated that 
in the case of Zeise’s acid it is not possible, owing to the quadrivalency of 
cari)on, to write tiie group 'H2CII2 in any other manner, since the alter- 
native formula would be that of a platinic instead of a platinous compound: 


H+ 


CH2 


Pt 

/l\ 


-CH2 


Cl Cl Cl 
VI 


A (‘onsiderable amount of evidence seems to justify the formulation of 
th(\se compounds as derivatives of bivalent platinum. The more sig- 
nificant points are as follows: (1) Zeise^s salt and its analogs can be pre- 
pared by direct reaction of the unsaturated substance on potassium 
chloroplatinite in aqueous alcohol solution (94). (2) Zeise^s acid is formed 

by the direct absorption of ethylene by platinous chloride in alcoholic 
hydrogen chloride (13). (5) The reactions of these compounds with py- 

ridine, hydrochloric acid, bromine, and potassium cyanide (pages 242-243) 
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indicate the presence of platinous platinum. (4) The compound prepared 
from dipentene and platinic chloride, for example, is the same as the one 
obtained by treating dipentene with platinous chloride in the presence of 
dry hydrogen chloride (64). 

The platinum-olefin and palladium-olefin compounds of the general 
type MCb-Un probably possess a doubled molecular formula in order to 
maintain the coordination number of 4 for these metals. The coordina- 
tion compounds of this scries are unstable at higher temperatures, and 
consequently the ebullioscopic method for the determination of their 
molecular weights is not satisfactory. An approximate molecular weight 
determination, however, by the Rargcr^Rast method points to the dimeric 
form for ethylene -platinous chloride (3). Kharasch and Ashford report 
(64) that the solubility of isobutylene-platinous chloride in benzene permits 
an accurate determination of the molecular weight of this compound. Re- 
sults indicate that it is bimolecular. Precise determinations of the molec- 
ular weights of the corresponding palladous- olefin compounds were not 
possible, but an approximate molecular weight of 409 was obtained for 
styrene-palladous chloride by the freezing-point method in tenzene solu- 
tion. This is intermediate between 282 for the monomeric and 564 for 
the dimeric form of PdCi 2 -C 6 ll 6 CH=CH 2 . 

Pfeiffer (93) has proposed a formula for ethylene-platinous chloride 
in which platinum is tetracovalent, the ethylene molecule occupies one 
coordination position about the platinum atom, and two of the chlorine 
atoms serve as bridging atoms in the dinuclear complex (formula VTI). 
Anderson (3) accepts this formula. 

Un Cl Cl 

/ \ / 

pt pt 

/ \ / ■•••.. 

Cl Cl Un 

VII 

Kharasch and Ashford (64) have objected to such a formula on the basis 
that it postulates the formation of two coordinate bonds by one chlorine 
atom. They have proposed a ring structure for compounds of the type 
[MClj • Un] 2 , in which the olefin molecule acts as a bridging unit between 
the metal atoms; 

H* H* 

Cl . P . Cl 

■ Pt ’Pt ■ 

Cl'- -'Nc — 0^ ’’a 
H, H, 

VIII 
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With such a structure there are interesting possibilities of structural 
isomerism. As pointed out by Elharasch and Ashford, the compound 
derived from styrene, for instance, might have either of the two structures 
shown by the formulas IX and X: 


II CJI 5 

I I 

C’— c;* 

Cl /I I \ Cl 

\ / II 11 \ / 

Pt Pt 

/ \ Cells H / \ 

Cl \ I I / Cl 
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\ / H H \ / 
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CA C 


H H 


IX 
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Each of these structural isomers contains two asymmetric carbon atoms 
and can exist, in tliree stereoisomeric forms. The number of isomers would 
Ix'corne still greater, of course*, with more highly substituted ethylenes. 

Kharasch and Ashford’s objection to Pfeiffer’s formula need not be given 
too much weight, since stable compounds are known in which halogen 
atoms act as bridging groups A number of examples of such compounds 
hav(* lit'en described by jMann and Purdie (76), Gibson and Simonsen (29), 
Palmer and Elliott (88), and Wells (122). 

An objection ma}^ be raised to Kharasch and Ashford’s formula, in that 
platinum do(‘s not apjiear to be truly in the platinous state. This might 
seem difhcult to leconcile wdth their statement that it is well established 
that these compounds are derivatives of platinous platinum. It seems 
more difhcult, however, to understand the mutual ease with which one 
olt‘fin can replace another if the structure is of the type shown in formula 
Mil. In the opinion of Anderson (3), any formulation involving quad- 
rivalent platinum introduces covalences linking the hydrocarbon to the 
platinum atom, and the resulting complex must necessarily be represented 
as ail alkyl platinum derivative. Wiiistein and Lucas (123) feel that 
from a purely chemical jioint of view^ one would hardly expect these com- 
pounds to undergo so many reactions t 3 ’pical of compounds having a 
coordinate link if the carbon-to-metal bond is a metallo-organic type as in 
formula VIIL 

As a matter of fa(‘t, it is perhaps pointless to attempt to label platinum 
in a cyvclic compound such as proposed by Kharasch and Ashford as 
platinous or platinic. A structure of this type is unique and the usual 
terms pertaining to valence and linkages can not be used here ap- 
propriately. 
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Kharasch and Ashford^s method of formulating the structures of the 
bimolecular compounds [MCl 2 ‘Unj 2 , is hardly applicable to compounds of 
the type K[PtCl 3 *Un]. It seems very improbable that the latter sub- 
stances are other than unimolecular, since the platinous platinum has its 
normal coordination number of 4. Kharasch and Ashford (64), neverthe- 
less, point out that there is no experimental evidence to support this 
contention. It is generally agreed that in the compounds K[PtCl8*Un] 
the olefinic molecule occupies only one position in the coordination sphere 
(3, 61, 92, 94). By our classical concepts, then, something must happen 
whereby a pair of electrons becomes available for coordinating purposes 
in the olefinic molecule. One possible mechanism by which such a pair 
of electrons may be produced in ethylene and similar compounds or in an 
aromatic nucleus has been proposed by Bennett and Willis (6). They 
suggest that a lone pair may be produced by a complete transfer of one 
pair of electrons from the double bond to one carbon, resulting in a polar- 
ized state of the molecule, and converting it at the same time into a poten- 
tial ‘^donor” molecule: 
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C:C 
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\+ -/ 
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The structureK of Zeise’s salt and of Pfeiffer’s and Anderson’s ethylene - 
platinous chloride would then presumably become as shown in formulas 
XI and XTI. 
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Anderson (4) critically examined the applicability of this theory to the 
platinum-ulefin type compounds, and, while admitting that such a mecha- 
nism seems the only means whereby a lone pair of electrons can be pro- 
duced at one olefinic carbon atom, indicated that it is not altogether free 
from objections on physical grounds. This hypothetical polarized state 
of the bond represents an excited state of the molecule, and it is question- 
able whether such an excitation would occur under the conditions used for 
preparing these compounds. If, on the other hand, the activation takes 
place in the field of the platinum atom, the reactions must still involve a 
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energy of jietivation. If an excitation or polarization of the olefinic 
molecule occurs, then an abnormally low value for the net heat of forma- 
tion of th(‘ coordinate' link might be expeedecl an compared with the value 
found for the cooi dination of compounds already having a free pair of 
electrons In so far as tlu* strength of a coordinate bond can be taken as a 
measure of its lu'at of formation, the linkage Pt<— olefin must be associated 
with a smalk'r heat of formation than the linkage Pt^NHs. A low heat 
of coordination, liowi've'r, is not necessarily an indication that internal 
rearrang('m(*nt jirc'ceded coordination. 

Another obj(‘ctiori to tlie mechanism discussed above is that the opening 
of the double boiid l(*avt's one of tin; (*ar))on atoms with a sextet of electrons. 
Such a mechanism would Ikj (‘xpccted to })rovide ample opj>ortunity for 
polymerization and rearrangemc'nt. In fact, a reversible process in which 
the doiil)l(‘ bond is ojiened by cooidination to a metal should actually 
promote' polyiiKTization. Anderson reports that polymerization occurred 
occasionally but quite iriegulaily. Lui-as states that polymerization was 
not obs(*rv(‘d and that not tin* slightest rearrangement of olefins occurred. 

If a i)olariz(‘d inl.ernK'diate such as 

\+ -/ 

v-c 

/ 

is formed in the coeirdination of an olefin to a metal, unsymmetrical sub- 
stitution about th(‘ double bond should be a factor influencing the ability 
of olefins to coordinate (4). This seems to be borne out by Anderson^s 
observation that st>n'ene coordinates much more readily than cyclohexene. 
The })henyl group in styrene confers on the double bond an appreciable 
dipole moment (0,37 X 10“’” e.s.u.) (87). If the polar influence of this 
group is associated in some way ith the relativel}'^ high coordinating ability 
of styrene, the ins(‘rtion of another phenyl group on the same carbon might 
well lead to an even greater coordinating tendency. Anderson found the 
exact reverse of this to be the case. If unsymmetrical diphenylethylene 
formed coordination compounds with platinous chloride, they were too 
unstable to be isolated. 

These apparent contradictions as to the role that dissymmetry about 
the double bond pla.ys in jiromoting or retarding coordination have been 
explained by Anderson on the basis of the steric factors involved. He 
concludes that in the case of unsymmetrical diphenylethylene the aug- 
mented dissymetry of the double bond may be outweighed by the steric 
effect of the two phen^d groups. These two bulky groups may effectively 
‘^block^’ any attachment to the carbon atom. 

It is interesting to note in this connection that ethylene, which forms 
some of the most stable metal-olefin compounds, has been found to have 
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zero dipole moment (108). Lewis (69) supposed that the average state 
of ethylene is a composite of three states as indicated below : 

H H H H H H 

H:C::C:H H:C:C:H H:C:C:h 


At any given instant some molecules may approximate any one of these 
states, but the great majority of them must be nearest to the first structure, 
as shown by the phenomenon of cis frans isomerism in olefinic molecules. 
Such stereoisomerism is generally ascribed to the lack of free rotation about 
the double bond. 

The relationship, if any, between and ^rans-configurations and 
coordinating ability seems somewhat obscure. Kharasch and Ashford 
(64) isolated crystalline compounds from <m7is-dichloroethylene and from 
frons-diphenylethylene, but could not obtain compounds from the ctV 
isomers. They did, however, obtain coordination complexes of the eta- 
compounds cyclohexene, dipentenc, and pinene. Rather similar erratic 
results were obtained by Anderson (4), who found that both of the cis- 
compounds indene and cyclohexene coordinate, whereas ^rans-phenyl- 
methylethylene does not. However, the /rans-form of pentene-2 
coordinates rather strongly. 

One fact which stands out and seems quite general is that progressive 
substitution about the double bond greatly reduces the coordinating 
ability of the olefins. 

In attempting to overcome the necessity for assuming the existence of a 
trivalent (;arbon atom and yet retain the advantages of Pfeiffer^s formula 
for ethylene-platinous chloride, Stiegman (112) proposed a formula (XIII) 
in which platinum acts as the “donor’^ atom and the activated or polarized 
olefin the ‘^acceptor” molecule: 


H H 
H:C:C Cl 




Cl 


t Pt H H 
Cl Cl C:C:H 


H 


XIII 


The assumption is made that in some manner the two electrons needed 
for the platinum- olefin bond are “called out” from the electron shells 
of the platinum atom. This is indicated, or implied at least, in the ring 
formula of Kharasch and Ashford. 

jIn Stiegman 's formulation each carbon atom has a complete octet of 
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electrons, but one pair of these electrons is “unshared^\ Whether such a 
structure could have a stable existence is debatable. It is conceivable 
that under the influence of the pair of electrons donated from the platinum 
to one carbon atom the pair of unshared electrons on the other carbon atom 
would act much as a fourth grouj^ about this atom. This situation would 
be quite comparable to tlie case of sulfur in sulfonium salts: 

" R -|+ 

R':S: :X7 

. R"- 

XIV 

Properly substituted sulfur compounds of this tjqie have been resolved 
(95, 107), indicating that the valences of the sulfur atom possess a tetra- 
hedral distribution and that the unshared pair of electrons acts as the 
fourth group. 

Another factor which may have some bearing on whether a structure as 
given above for the platinum olefin compounds could exist is that the 
carbon holding the unshared pair of electrons possesses a residual negative 
charge. 

Wli(‘n a properly substituted olefin is used in preparing a compound 
analogous to that sliown in formula XIII, one oi* more as^unmetric carbon 
atoms might well result. In the case of styrene platinous chloride, the 
platinum can donate a pair of electrons to either of the two carbon atoms: 

II II H II 

n:C:C*:C6H5 or H:C:C*:C6H6 

[ T •• 

Pt Pt 

XV XVI 

In formula XV the starred carbon atom is asymmetric because of the 
presence about it of four different groups. In formula XVI the starred 

atom is again asymmetric if the pair of unshared electrons can function 
as the fourth group. In the case of stilbene only one structure is possible: 

n H 

C«H5:C;C:CeH6 

.. ^ 

Pt 

XVII 

However, since these compounds are non-ionic and possess no functional 
groups, the usual methods of resolution are not applicable. Using the 
method of selective adsorption of one isomer by finely divided optically 
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active quartz in contact with the racemic solution (118), Stiegman (112) 
obtained some evidence of optical activity with the styrene- and stilbene- 
platinous chloride complexes. A more thorough study of the quartz 
method for the resolution not only of the above platinum olefin compounds 
but also of compounds definitely known to be resolvable by other means 
casts some doubt on the reliability of this method (63). For this reason 
the results obtained by Stiegman must be regarded as somewhat incon- 
clusive. Moreover, from the standpoint of the stereochemical possibilities 
involved, a positive resolution of these compounds by the quartz method 
would not distinguish between the fonnula siiggested by Stiegman (formula 
XIII) and the ring structure proposed by Kharasch and Ashford (for- 
mula VIIT). 

An analog of Zeise’s salt has been studied with a view to determining 
whether the ion [PtCb-Un]" can be resolved w’hen a properly substituted 
olefin is present in the coordination sphere (63). The styrene complex was 
used because it appeared to be the most stable of the complexes w'hich 
satisfy the stereochemical requirements of the problem. Since it is reason- 
ably certain that the ion [PtCls-Un]” is monomolecular (see, however, page 
251), it was thought that the ambiguities associated with compounds of 
the type [PtCl 2 ‘Un ]2 and the rather uncertain mc^thod of resolution would 
be eliminated. 

If the platinum acts as a ‘^donor^^ atom, the styrene analog of Zeise's 
salt can be formulated in two ways (formulas XVII I and XIX): 


H n - 
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XVIII XIX 

In either event an asymmetric carbon atom is present (starred), and the 
anion exists in enantiomorphic forms. Since the compound is ionic, the 
usual methods of resolution can be employed. While the preliminary 
attempts to resolve the above compound have been unsuccessful, they are 
not to be taken as conclusive, and the above formulation cannot be defi- 
nitely discarded. 

Herman (40) has proposed a unique explanation of the bond formation 
between an olefin and platinum. By virtue of the high trans influence 
(15, 38) of this group of compounds, the platinum first functions as an 
electron donor to the activated olefin, and then becomes an acceptor. 
This, according to HePman, results in the formation of a four-electron 
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covalent bond and a high activity of the inner sphere. Such a mechanism 
is difficult to comprehend. 

Little insight into the structure of these compounds has been obtained 
from absorption spectra data. Anderson (4) examined the absorption 
spectra of the stwne and indene salts K[PtCl 3 *Un] over the range 2800- 
4300 A. on a reflection grating spectrograph and found them to conform 
closely to those of other platinous complexes. Apparently no study of the 
infrared absorption spectra of these compounds has been made. 

Winstein and Lucas (123), using their distribution method, have con- 
cluded that complex formation with silver ions in solution is a general 
property of ethylenic compounds. They state that the silver-olefin 
coordinate bond is probably similar in character to the coordinate bonds 
of other m(*tals with olefins. Their observations indicate that complex 
formation is rapid and reversible. They found no rearrangement of 
isomeric forms of substituted olefins during their work. 

From a consideration of their results, Winstein and Lucas propose a 
structure for these metal-olefm complexes which involves equilibria among 
three forms: 
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They call attention to the fact that a structure made up of contributions 
from these three forms need not result from an intermediate containing an 
activated double bond. Resonance among the three forms prevents the 
complex from behaving as a molecule having a carbon with just a sextet 
of electrons. Thus the facts of rapid reversible reactions but no poly- 
merization or rearrangement are adequately explained, and the char- 
acteristic properties of these complexes seem reasonable. Also, they 
maintain, any objection to the formation of what amounts to a three- 
memliered ring on the basis of strain involved is not serious, since the 
carbon-carbon- metal bond angle will be considerably greater than the 
60'" angle of cyclopropane, and the resonance energy is enough greater 
than the strain (uiergy that a structure of moderate stability is to be 
expected. 
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On the basis of the same mechanism, Winstein and Lucas consider the 
following forms as contributing to the stnictures of the diene-monosilver 
complexes : 
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By extending the concept of resonance to the Zeise series of salts, 
K[PtCl 3 *Un], three electronic forms corresponding to those on page 256 
(XX) are obtained. In the ease of complexes of the type [rtCl 2 «lJn] 2 , 
the possibility of resonance among nine electronic forms is a factor which, 
according to Winstein and Lucas, enhances the stability of these 
compounds. 

Winstein and Lucas agree with Anderson that the influence of the 
structure of the olefinic molecule upon the stability of the resulting com- 
plexes is steric. Observations made during their study of silver olefin 
complexes indicate that the stability of the complex is less, the more 
deeply the double bond is buried in the carbon chain. 

It is interesting at this point to recall Anderson\s comments (3) with 
regard to the reaction of Zeise \s salt with water (page 243). He states that 
the products of decomposition of this salt by water might be expected to 
contain either (a) ethylene glycol (or possibly ethylene chlorohydrin) if 
the ethylene double linkage were in some manner symmetrically coordi- 
nated (34, 91, 92) to the platinum atom, or (b) acetaldehyde if the coordi- 
nate link is formed by one of the carbon atorni?. The reaction indicates 
that a(‘etaldehyde is formed. Perhaps more helpful information could be 
obtained from a study of the reaction between water and a Zeisc-type salt 
containing an unsymmetrical olefin such as propylene. 

^ Of the mercury-olefin compounds, those with ethylene have been most 
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investigated. A lively controversy has centered about the structure of 
these and substituted ethylene derivatives. Mainly because of the ease 
with which the olefin can be regenerated from its combination with a 
mercuric salt, Manchot (73) regarded these substances as double salts or 
“molecular addition compounds'' represented by structure A (XXII). 
The more common theory is that they are “true addition compounds" of 
type B. Sand (103), on the other hand, preferred to consider them as 
representing an equilibrium mixture between a molecular addition com- 
pound and the ordinary type of addition compound. He illustrated these 
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tautomeric forms as in C. Adams, Roman, and Sperry (1) have discussed 
the relative merits of these three stnictures and indicate their preference 
for type B. This structure is generally accepted at the present time and 
is rather conclusively supported by the fact that optically active mercury 
compounds with olefins of the type RR'C=CRR' have been prepared 
(105). There are indications (104, 124), however, that in addition to 
products of type B, molecular or coordination compounds of olefins with 
mercuric salts of type A may also exist. 

Using the distribution method (123), Lucas, Hepner, and Winstein 
(71) found that the mercuric ion forms rather stable complexes with cyclo- 
hexene. This hydrocarbon dissolves readily in aqueous mercuric nitrate, 
forming an acid solution. Two reactions which seem significant in the 
formation of the mercury- cyclohexene complex in solution are: 

C«H,o + Hg++ ^ CeHioHg^^ 

CeHio + Hg^ + HOH ;=± C6HioHgOH+ + H^^ 

The first reaction is probably strictly analogous to the reaction of silver 
ion and an olefin. However, in the case of mercuric ion and cyclohexene 
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the reaction proceeds principally according to the second equation. Ex- 
perimental data point to the formation of the 1 : 1 complexes 
and C6HioHgOH+. 

The conclusion was reached (123) that coordination complexes of mer- 
curic ion with cyclohexene can be formulated in much the same way as 
the analogous silver-olefin complexes. The various resonating forms 
of the “cyclohcxene-mercurinium*^ ion can be represented in simplified 
form as: 
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The “cyclohexenc-mercurinium hydroxide” ion, CjHioHgOH'*, can be 
represented in a similar way, the mercury atom holding one hydroxyl 
radical. During the course of the above investigation there were indica- 
tions that secondary reactions, not well understood, were occurring. One 
of these reactions presumablj' led to the formation of a compound of type 
B (XXII). 

Lucas and coworkers admit that the discovery of coordination complexes 
of an olefin and mercuric ion adds confusion to our knowledge of this type 
of compound. The equilibria between the olefin, the mercuric salt, the 
compound of type A (XXII), and the compound of type B (XXII), are 
apparently complex, and it is entirely possible that some of the products 
which have been obtained in the past were actually of the cofirdination 
type. 

The steps through which resonating systems pass, according to the theory 
advanced by Winstein and Lucas, can be pictured with the aid of three- 
dipensional diagrams. Figure 1 represents the trans-form of a substituted 
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olefin. The opening of the double bond can be considered as giving rise 
to a molecule in which one carbon atom possesses a sextet of electrons, as 
shown in figure 2. l^his, in elTect, is a representation in model form of the 
‘^polariz(id” or ^^excited’^ state previously mentioned. However, Winstein 
and Lucas prefer to consider that this is not an intermediate in their theory 
of the formation of olefin-metal bonds. The resonating forms which 
they postulate may be represented by the diagrams shown in figure 3. 
What is actually being said, apparently, when Winstein and Lucas state 
that then* is no rearrangement during the above resonance process is that 
the pair of electrons indicat(*d can in some manner ^fi-esonate^^ or shift 
position (figure 3, A) from tlie apex of carbon atom 1, for example, to the 
‘^unoccupied” apex of carbon atom 2 and back again before group A or 
group B can move to the position on carbon atom 1 which is left unoccmpied 



by the resonating pair of elections. If group A or group B does shift 
position, isomerization or re-arrangement takes place. This, however, 
appears not to occur. For this reason Winstein and Lucas believe that the 
structure shown in figure 2 should not bo postulated as an intermediate, 
because if tliis polarized form had more than a fleeting existence, rearrange- 
ment would certainly be expected. 

It, is interesting to speculate on the stereochemical possibilities of the 
above structures. At the instant the carbon -silver bond is in the posi- 
tion pictured in A of figure 3, carbon atom 1 holds four different groups 
and is consequent!}" asymmetric. The same applies to the second carbon 
atom in figure 3, B. With a properly substituted olefin, carbon atom 1 
would never be identical with carbon atom 2, and optical activity for the 
whole complex should result. However, such optical activity seems very 
unlikely when all of the forms in such a resonating system are more closely 
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examined. Considering a platinum-olefin complex in which four unlike 
groups are situated about the double bond, it is seen from figure 4 that a 
total of five forms is possible : 



A BCD C 


Fig. 4 

When the double bond of figure 4 C ‘‘opens up,^^ it can do so in cither of two 
ways; in one case structures A and B (figure 4) are formed, while in the 
other case structures D and E (figure 4) result. However, stnicture A is a 
mirror image of structure D, and structure B is a mirror image of structure 
E. If the dextro- and levo-isomers of each pair of enantiomorphs are 
present in equal amounts, the complex is, of course, optically inactive. 

It is a matter of conjecture as to whether properly chosen groups about 
the double bond could exert some sort of steric or polar effect and thus 
shift the above equilibria predominantly one way, or, in other words, 
cause the double bond to “open up^' in one way preferentially. In this 
event optical activity might result. If such a situation is possible, it 
certainly must involve much more complex molecules than any of those 
discussed here. 

VII. Conclusion 

Perhaps no one theory has been advanced which satisfactorily explains 
all of the questions relating to the various inorganic salt-olefin compounds. 
It is entirely possible that the metal- olefin lionds in these complexes are 
not all of the same t3q)e; in that case any one theory concerning the mecha- 
nism of their formation would obviously be inadequate. The character 
of the metal ion involved must undoubtedly play some part in the nature 
and stability of the bond formed; yet it would be comforting to feel that 
the double bond in olefinic substances is not versatile in the manner in 
which it coordinates with metal ions. 

Of the mechanisms proposed to explain the mode of attachment of an 
olefin to a metal ion, that of Winstein and Lucas seems to be of most 
general application. However, if cases of of)tical activity among these 
compounds are positively demonstrated, even this explanation is inade- 
quate. A question which can logically be raised concerning this mechanism 
is whether or not, with the resonating type of bond suggested, the olefinic 
molecule truly occupies the equivalent of only one coSrdination position 
in the coordination sphere. Perhaps the real point of diflSculty here is 
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lack of a clear-cut understanding of what is meant by a ^‘coordination 
position^'. If this term implies an area or region about the central atom 
in whi<*h the valence bond has a certain tolerance of direction, then the 
above criticism may not be warranted. 

The structure propos(‘(l by Winstein and Lucas resembles in some re- 
spects that suggested by Hantzsch (compare XXIIT and formula III), the 
latter probably being e(|ui valent, in modern terms, to a structure having 
single-electron bonds. It is clearly questionable, howeVer, whether the 
conditions for the formation of single-electron bonds obtain in these 
compounds (89). The nature of the bonds in Hantzsch's formula can be 
explained c^vim l(*ss satisfactorily on the basis of covalence. Either alterna- 
tive* — two single-electron bonds or two covalent bonds — is difficult to 
recoruak^ with the appanmtly well-established fact that the olefinic molecule 
occupies only one position in the coordination sphere. 

The ine(‘hariisms jiroposed by Stiegman and by Kharasch and Ashford 
demand that a pair of ek‘ctrons for the coordinate bond be supplied in 
some manner by the platinum. Herman \s theory carries somewhat the 
same requirement. In discussing the applicability of this theory, Herman 
points out that compk‘X compounds containing unsat.u rated molecules arc 
foriiKid only by bivalent platinum and generally by metals in their lowest 
state of oxidation. This would seem to imply that in some way the bivalent 
condition of jilatinum is associated with the availability of those electrons 
needed in forming the bond between the platinum and olefin. Since the 
difference in valence between platinous and platinic platinum is 2, it is 
conceivable that a “calling out’^ of two electrons, as demanded by the 
above theories, might he possible. However, it is exceedingl}’^ difficult 
to understand how any such thing could occur in the cases of Ag+, Fe^"^, 
Al'^^'*", Cu^, and Hg++ ions. No such assumption is necessary in 
applying Winstein and Lucas* theory of resonating structures. 

The theory involving a polarized intermediate molecule would hardly 
explain the general absence of polymerization and rearrangement of the 
olefins. Such an intermediate might be expected to promote these changes. 
This identical theory, as a matter of fact, was used by Hunter and Yohe 
(51) in (explaining the catalytic activity of aluminum chloride in poly- 
merization reactions. They assumed that an intermediate “activated** 
complex might be formed in which one carbon atom is momentarily three- 
covalent. On the other hand, Winstein and Lucas* theory might appear 
incapable of explaining this tendency of aluminum chloride to cause poly- 
merization. However, one must remember in this connection that these 
polymerization reactions are usually carried out at somewhat elevated 
temperatures. As previously noted, Gangloff and Henderson (27, 42) 
obtained crystalline addition products of aluminum chloride and various 
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olefinic substances at room temperature. Some pol 3 anerization at higher 
temperatures was noticed by Sticgman while preparing platinum- olefin 
compounds, and Anderson has rei)orted occasional instances of poly« 
merization. 

It is altogether possible that at higher temperatures the resonating type 
of bond shifts over to an activated complex type, or the olefin luceives 
enough energy so that it may be expelled as an activated or polarized 
molecule which in this excited state eiitei's into i)olymerization reactions. 
The fact that aluminum chloride tends to induce polymerization to a 
greater extent than platinum and other metal ions need not be due to a 
fundamentally different type of metal -olefin bond but may be associated 
rather with a difference m the character of the metals themselves. The 
tendency to eliminate an olehn in an activated or polarized state or the 
tendency to form an activated addition complex with increase ol tempera- 
ture may merely be more pronounced in the case of aluminum chloride. 

From theoretical considerations Winstein and Lucas (123) believe that 
the reactivity of these complexes is greater (a) the smaller the coordinated 
metal atom and (b) the more electront'gative the coordinated metal atom. 
They feel that the relatively low reactivities of the silver and platinum 
complexes in terms of absence of polymerization and isomerization may 
be due to the comparatively large sizes of these metal atoms. 

The formula of Drew, Pinkard, Wardlaw, and Cox for compounds of the 
type K[PtCl 3 *Un] does not seem satisfactory in view of the ready replace- 
ment of one olefin by another. Also, it gives platinum the unusual coordi- 
nation number of 3. The structure in which the unsaturated molecule 
occupies one coordination position in the complex through a resonating 
type of bond seems preferable. 

The dinuclear formula suggested by Pfeiffer for compounds of the general 
typo [MCl 2 *Un ]2 is preferred to that advanced by Ivharasch and coworkers. 
Here, also, the resonating type of bond is believed preferable to that sug- 
gested by Stiegman. Such a resonating bond, however, would eliminate 
the possibility of optical isomerism in these dimeric c.ompounds, unless 
they are of the type suggested by Kharasch and Ashford. 

No definite decision can be made as to whether or not all metal-olefin 
bonds are of exactly the same type. Nevertheless, there seems to be no 
evidence to indicate that the mechanism of attachment of the olefinic 
molecule to the metal ion is not fundamentally the same in every case. 
Any variation in the properties of the resulting complexes can apparently 
be attributed to differences in character of tlie metals involved. 

The author wishes to acknowledge his indebtedness to Professor John 
Q Bailar, Jr., for suggesting a review of this subject and to express his 
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gratitude for the many valuable suggestions and criticisms offered by 
Professor Bailar during the preparation of the manuscript. 
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I. INTRODUCTION 

Although phenol was suggested as a bactericidal agent by Lister in 
1865, a study of the behavior of other phenolic compounds was not begun 
until the work in Ehrlich’s laboratory which was reported in 1906 (11, 12). 
It was found at that time that a polyhalogenated phenol or i9-naphthol was 
highly effective in its action on B. diphlhenae and Staph, aureus, one mole- 
cule of pentabromophcnol being equivalent to five hundred mole(!ules of 
phenol. It was also observed that the cresols were better germicides than 
phenol (5, 137). The niimerou.s investigations on the relationship of the 
structure of phenolic compound.^ to their bactericidal properties that have 
been described during the past fifteen years were initiated by the work of 
Johnson and Lane (70) on the 4-alkylrcsorcinoLs. Their results will be 
discussed later. 

The first standardized procedure for determining the effectiveness of a 
bactericidal agent was due to Rideal and Walker (125), and many of the 
phenol coefficients reported in the literature were determined by their 
ihethod. At present a modified procedure adopted by the United States 
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Food and Drug Administration (160) is commonly employed. The original 
Rideal and Walker method and its modifications compare the relative 
g(‘rmieidal eff(‘(‘tiv(‘ncss of a given compound with that of phenol taken 
as unity. The results are given on a weight rather than a molecular weight 
basis. The figure obtained for a given compound may vary greatly with 
the tyjie of organism used, so that tests with several organisms {B. typhosus 
and Staph, aureus aie commonly employed) are desirable. The result of 
an experiment at 20°C\, carried out according to the Rideal-Walker 
m(;thod, may differ considerably from a measurement at the temperature 
of 37°C^ commonly used now\ The presence of ^V^rganic matter^’ likewise 
influences the phenol coefficient in some instances. A further complication 
is introduced by the fact that the bacteriostatic or antiseptic* action of a 
compound is independent of its bactericidal or germ-killing power. A 
substance may be an excellent prcsei vative, preventing the growth of 
organisms in high dilutions, without having a strong lethal effect. The 

TABLE 1 


Phenol coefictenis of polyhydroxy phenols 


COMPOUND 

I ^ 

PHXNOL COSFFICISNT AT 37*C. 

B. tyjAo8u$ 

Staph. atireiM 

Catechol 

0 87 

0.58 

Resorcinol 

0.4 

0 4 

Hydroquinone 

12. 

0.44 

Phloroglucinol 

Negligible 

Negligible 

Pyrogallol 

Negligible 

Negligible 


phenol coefficient refers to the bactericidal function. Despite these limita- 
tions, the phenol coefficients are valuable in getting an estimate of the 
effectiveness of compounds which are soluble enough in water for their 
solutions to be tested. 


II. POLYHYDROXY PHENOLS 

It IS hardly possible to compare the bactericidal properties of phenol 
and i)enzciie because of the insolubility of the hydrocarbon in aqueous 
media, ])ut it is of interest to note the effect of increasing the number of 
hydroxyl groups attached to the nucleus. Available data (75) are listed 
in table 1 The behavior of hydroquinone is obviously anomalous. When 
the experiment was conducted at 20®C., the figures obtained for this com- 
pound dropped to 1.4 for B. typhosus and 0.34 for Staph, aureus. Earlier 
investigators (35) reported values for B. typhosus^ Staph, aureus, and B. coli 
close to unity. Hydroquinone has a high bacteriostatic action (23) against 
B. pestis, preventing growdh in a dilution of 1 to 432,000, while catechol 
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is about one-tenth as effective. No satisfactory explanation for the be- 
havior of hydroquinone has been advanced. Phloroglucinol does not 
possess germicidal properties, although it is slightly bacteriostatic (79), as 
is pyrogallol, 

III. ' HALOGENATED PHENOLS 

While fluorophenol differs but little in its germicidal action from phenol 
(59), the chloro and bromo derivatives of phenol and resorcinol are more 
effective than the unsubstituted compounds. Little is known about iodi- 
nated phenols; they arc relatively insoluble in water and possess an un- 
pleasant and persistent odor which decreases the possiLilit 3 ^ of their practi- 
cal use. Table 2 summarizes the data of Klarmann (82) on chloro and 
bromo compounds. Many of these values were greatly reduced when the 
determinations were made in the presence of organic matter. It is difficult 


TABLE 2 

Phenol coefficients of halogenaied phenols 


COMPOUND 

PHSNOL COMFKICIBMTS OF 
CBLOBINB DSiUYATIVXB 

PnBNOL COBmeiBNTS OF 
BBOMtNB DBBIVATIVBB 

B. typhoMw 

Staph, aureu* 

B. typhosug 

Staph, aweut 

2-Halophenol . 

1 

3 6 

3.8 

3.8 

3 7 

3-Halophenol . 

7.4 

5 8 



4-Halophenol 

3.9 

3 9 

6.4 

4 6 

2, 4-Dihalophenol 

13 

13 

19 

22 

2, 4, 6-Trihalophenol 

23 

25 



4-Halorc8orcinol 

0.7 

1.0 

1 0 

1.3 

4 , 6“Dihaloresorcinol . . . 

3 2 

3 9 

4 0 

4 6 

2,4,6-Trihaloresorcinol 

5 0 

4.3 

1 6.4 

6.4 


to compare these figures with the earlier results of Bechold and Ehrlich 
(12) already mentioned, who reported that tribromo-/3-naphthol kills 
Staph, aureus in 2 to 3 min. in a dilution of 250,000 and that the dibromo 
compound was active in a dilution of 32,000 toward B. coli. 2,4,5-Tri- 
chlorophenol (98), and particularly pentachloropheiiol (25, 64, 124), have 
received attention as preservatives for commercial products. Engelhardt 
(47) reported that p-chlorophenol showed germicidal effectiveness only 
in a solvent of high dielectric constant; this was not the case for phenol. 
Halogen derivatives of phenols containing other substituents will be 
coasidered later. 


e 


, IV. ALKYLPHENOLS 

A considerable amount of information is now available concerning the 
^fect of alkyl groups on the bactericidal properties of mono-, di-, and tri- 
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hydroxyphenols, and a number of generalizations are possible. In the 
homologous series of p-rMilkylphenols the maximum bactericidal action 
is reached with the n-amyl compound (37) when B. typhosus is the test 
organism, Uvsing the Rideal -Walker procedure . The data are listed in 
tal)le 3. Because of the slight solubility of the phenols in water, they were 
dissolved in \(‘ry dilute sodium hydroxide which in itself was not bacteri- 
cidal. Against Staph, aureus at 20°C. a much lower phenol coefficient of 
52 has b(sm reported for p-n-butylphenol (118, 120), while for measure- 
ments at 25°C. a value' of 68 has been found (135). More recently, deter- 


TABLE 3 

Phenol coefficients of alkylphenols against B. typhosus at 20°C. 



J)-ALKyLJ*HEN01i 

PHENOL COEFFICIENT 

Methyl 


2.5 

Ethyl 


1 7 5 

n-Propyl 


20 

n- Butyl 


70 

n-Amyl 


104 

n-IIexyl 


90 

n-lleptyl 


1 20 


TABLE 4 

Phenol coefficients against Staph aureus at 37°C. 


P-ALKTLPHKNOL 

PHENOL COEFFICIENT 

Ethyl 

10 

n-Propyl 

14 

7i“Butvl 

21 

n-Arnyl 

20 

n-lleptyl 

21 


minatioiis run at 37°C\, using 30 per cent alcohol as the solvent for stock 
solutions of the alkylphenols, have given even lower values for the phenol 
coefficients (105) These are listed in table 4. 

Witirpi the ext>erimental error, the position of the alkjd group has no 
effect (37, 118, 120). The three cresols and the three n-butylphenols are 
practiciilly identical in their bactericidal action. The o- and p-scc-butyl- 
phenols have a phenol coefficient of 28, and the branching of the carbon 
sid<' chain, as in /cr/-butylphenol, reduces the effectiveness to about 20. 
However, the condensation of 2-ethylbutanol with phenol, which might 
b(' t'xpected to give tcrMiexylplienols, gives two products having relatively 
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high coefficients. One isomer (b.p. 98-100'’C. at 1.5 mm.; nf* = 1.5133) 
gave 109 against Staph, aureus and 86 against E. typhi. The other isomer 
(b.p. 108“110°C. at 1.5 mm.; = 1.5125) was found to give 118 and 68, 
respectively, as the coefficients (59a). Since these compounds appear to 
be exceptions to the ge‘neralization that the straight-chain primary alkyl- 
phenols are more eff(‘ctive than their isomers, it would be of interest to 
know their structures. A phenol coefficient of 125 has been found for 
o-cyclohexylphenol against Staph, aureus bv the F. D. A. method at 
(162). 

The n-alkyl phenols are in general more difficult to prepare than their 
isomers. The most satisfac^tory synthesis involves the rearrang(‘ment of 
an aryl ester to the ketone by the Fries method, followed by reduction of 
the ketone with amalgamated zinc and hydrochloric acid (37). Another 
general method consists in the condensation of an aldehvdi* wjth phenol 
and the pyrolysis of the polymeric condensation product (105). The yield 
of crude p-alkjdphenol amounts to about 40 per cent by w(aght of the 
polymer. On the other hand, the secondary and tertiary alkylplumols 
are obtainable directly by condensing phe nol with an alcohol, alkyl halide, 
or olefin, — reactions that have received extensive investigation in recent 
years, particularly for patent purposes (18. 21, 22, 61, 94, 101, 107, 110, 
113,141). 

It has been claimed that the condensation of phenol with n-heptyl 
alcohol (49) gives n-heptyl phenol, but it s(*ems likely that the product was 
a mixture. n-Butyl alcohol (121) yi(4ds a mixture of scc-butyl phenols 
when zinc chloride is the condensing agent, while it is claimed that alumi- 
num chloride gives the n-alkylphenols with both n-propyl and n-butyl 
alcohols (158). o-Isobutylphenol has been prepared by the rearrangement 
of methallyl phenyl ether and the reduction of the resulting methallyl- 
phenol (8). 

The presence of two alkyl groups in the phenol nucleus yields compounds 
that are highly effective as germicides and incidentally of very low solu- 
bility in water. The six isomeric xylenols (91) do not differ greatly in 
bactericidal properties, the 2,5-dimethylphenoI being the most active. 
Carvacrol and thymol (135) both have a phenol coefficient of 28 at 25®C. 
against Staph, aureus^ and the variation in the activity of isomeric n-alkyl- 
cresols is greater than the experimental error in only a few instances. Data 
for these compounds (37) are given in table 5A for B. typhosus at 20®C. 

Thi-ee isomeric methylethylphenols (105) have also been tested against 
Staph, aureus at 37®C., with the results shown in table 5B. 

The high germicidal effectiveness of the n-amylcresols listed in table 5A 
has led to their extensive study and recommendation for general use (6, 
38, 92). The compounds obtained by condensing “amylene^^ (30) or 
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an amyl alcohol (57, 142) with a cresol have also been described as useful 
bactericides. Other patents have dealt with the general preparation of 
secondary or tertiary alkylcresolg (24, 115) as compounds having germicidal 

TABLE 6A 


Phenol coeficientff against B. typhosus at BO°C, 


ALKTL UUOUP 

PHSNOL DBBIVATIVi; 

4-Alkyl- 

3-methyl- 

2-Alkyl- 

4-methyl- 

4-AIkyl- 

2-methyl- 

2-Alkyl. 

6>methyl* 

Ethyl . 

12 5 

12.5 

15 


n-Propyl 

34 




n-Butyl 

100 

95 

no 

60 

n-Amyl 

280 

250 

300 

250 

n-Hcxyl 

275 

175 

100 

180 


TABLE 5B 


Phenol coefficients against Staph, aureus at 57®C. 


THKNOL 

PBBMOL COBFPICIBNT 

2-Mcthyl-4-ot hy I phenol 

11 

3*McthyI-4-othyl phenol 

10 

4-Methyl -2-ethyl phenol 

10 


TABLE 6 


Phenol coefficients of products formed from cresols and B-ethyl-l '■butanol 


raBNOL UBBD 

BQILINQ POINT OF 
i PBODUCT AT 1.5 MM, 

PHBNOL COBFFICIBNT 

Staph aureus 

E.ltypht 

o-Cresol 

•c. 

(a) 104-106 

94 

43 


(b) 110-112 

183 

45 

m-Cresol 

(a) 106-108 

151 

54 


(b) 114-116 , 

231 

71 

p-Cresol . 

(a) 106-108 

180 ‘ 

47 


(b) 115-117 

(Insoluble) 

(Insoluble) 


properties. Raiziss and Clemence (115) have suggested that the con- 
densation of a cresol with 2-methyl-l-butanol may give the primary alkyl- 
cresol, but this is unlikely in view of the results reported in condensations 
involving phenol. The phenol coefficient of ^^sec-amjd-o-cresor' against 
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StapL aureus at 37°C. is 125 and for ‘‘scc-amyl-2>-cresor' it is 100. For a 
more complex mixture, *^/er^-amyitiitTesor’, the value of 62.5 was obtained 
(162). 

The condensation of 2-ethyl-l -butanol with the three cresols gives in 
each instance two products. In table 6 are included the available data 
for these (59a). 

In addition, m-cresol was condensed with “sec-hexanol” to give two 
products, boiling at 1 1 1 113°C. and at 118 J20°C , which gave coefficients 
of 225 and 237 against Staph, aureus; against E. iyphi the first product gave 
the coefficient 92. In a large grou]) of metliyl- and dinmethyl-isobutyl- 
phcnols (8), the most effective compound tested against Staph, aureus at 
37°C. was 2-isobutyl-4,5-dimet by] phenol, which had a phenol coefficient 
above 50. It was concluded that the isobutyl comj)ounds were probably 
less effective than their n-butyl isomers. 

ALKYLHESORCINOLS 

Because of the interesting results obtained in the investigation by John- 
son and Lane (70), the preparation and ])u){)erties of alkylated resorcinols 
have been thoroughly studied. Th(* primary 4-alky]i*esorcinols, both 
normal and branched chain, are nsadily obtained by condensing resorcinol 
with the proper fatty acids in the presence of zinc* chloride (42, 43, 44, 70, 
71), followed by reduction according to the method of Clemmcnscn (34). 
Secondar}^ and teitiary 4-alkyl resorcinols liave becui prepared by condens- 
ing olefins, alkyl halides, or alcohols directly with resorcinol (2, 21 , 31, 106, 
107, 126, 128), while the synthesis of the 5-n-alkylr(*sorcinols (152) and of 
the 2-alkylrcsorcinols (130) involves a long seric^s of reactions. 

The several investigations on the bactericidal properties of the 4-aikyl- 
resorcinols illustrate the variability of the values for the jilienol cocdlicient 
obtained with various strains of B. typhosus (42, 43, 41, 54, 77, 123, 135, 
136) and with what appear to be minor variations in the test conditions. 
Apparently the variation is less seriems in the case of tests using Staph, 
aureus. In table 7 are listed the results given by Dohrne, Cox, and Miller 
(44) for B. typhosus and those of Schaffer and Tillc.y (135, 136) for Staph, 
aureus. Whereas the germicidal action toward B. typhosus reaches a 
maximum with the n-hexyl compound, the effect on Staph, aureus increases 
continuously with the length of the side chain. As in the alkylphenols, 
branching of the carbon chain reduces the effectiveness. Because of the 
bactericidal potency and the low toxicity of 4-ri^hcxylresorcinol, it has 
come into general use. 

The 5-n-alkylresorcinols (152) show about the same germicidal activity 
against Staph, aureus as do the 4-isomers as high as the n-amyl compound, 
bit above this their effectiveness is less (table 8). Against B. typhosus at 
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20®(\, 5-n-hcxylresorcinol has a coefficient of 22, compared with 50 for 
the 4-isomer. The 2-alky Iresorcinols are relatively ineffective bactericidal 
agents (130). Although many &‘cc-alkylresorcinols have been described 
(2, 21, 31, 106, 107, 126, 128) as having disinfectant action, phenol coeffi- 
cients were not given. 4-("y(*lohexylresorcinol (7) gave a value of 23 to 
27, when tested by lh(‘ Kniled States Hygienic; Laboratory method, which 
is (;lose to that for isohexylresorcincjh C'^Tlohexylmcthyl-, jS-cyclohexyl- 


TABLE 7 

Phenol coefficients of J^-alkylresorcinol^ 


4-ALKTlinRaOIbCINOIi 

PHXNOL COSmciBKT 

B. typkosua 

Staph. aw9m 

n-Propyl 

5 

3.7 

n-Butyl 

22 

10 

Isobutyl 

15 


n-Amyl 

33 

30 

Isoamyl 

24 


n-Hexyl 

46 to 56 

98 

Isohexyl 

27 


n-Hcptyl 

30 1 

280 

n-Octyl 

0 

680 

n-Nonyi 

0 

980 


TABLE 8 

Phenol coefficients against Staph, aureus at S7°C. 


ALKTIiRRSOKCmOL 

PHSNOL COKFFICIXNT 

4-lBomm 

6-Isoineni 

n-Propyl 

4 

5 

n-Butyl . . 

10 

10 

n-Amyl 

30 

35 

n-Hexyl , . . . 

98 

49 

n-lieptyl . 

280 

128 


ethyl-, and cyclopentylmethyl-resorcinols are less effective than n-hexyl- 
resorcinol (155); exact figures were not given. 4-Hexenylresorcinol is an 
active bactericide (67) ; the phenol coefficient was reported to be 150 against 
Staph, aureus at 37.5®C., 200 against Sti'ep. hemolyticus at 37.5°C., and 40 
against B. typhosus at 20.5°C. 4-Pentenylresorcinol was much less active. 

A few dialkylresorcinols (2, 3, 74, 140) have been tested; 4,6-dicthyl- 
resorcinol is as effective as n-butylresorcinol, but the di-n-propyl com- 
pound has a phenol coefficient of only 18; di-n-butylresorcinol is no more 
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bactericidal than the n-butyl compound, and the di-n-hexyl derivative is 
less than one-half as effective as rt-hexylresorcinol. What are presumably 
di-sec-alkylresorcinols have been prepared (117) by condensing alcohols 
with resorcinol in the presence of zinc chloride. Since there may be some 
question about the structures of these compounds, particularly since their 
boiling points are lower than would be expected, there are listed in table 9 
the alcohol used in preparing each compound and also the boiling point of 
the dialkylrcsorcinol. 

The phenol coefficients were determined by the United States Hygienic 
Laboratory method. The unusually high values shown by the 56c-hexyl 
and the heptjd compounds are surprising, in \new of the small activity of 
the lower members of the series. The solubility of these compounds is 
only one part in 20,000 to 40,000 parts of water, which makers proper 
evaluation difficult (88, 96). 


TABLE 9 

Properties of ^^dt-sec-alkylresorcinols*^ 


1 

AX/:OHOL 

BOIUNQ POINT OP PBODUCT 

PHXNOL coiamcxaNT 

Staph. aweuB 

Strep, hemdlvtiem 

CaHjOII 

•c. 

J 36-137 (5 mm ) 

60 

65 

n-CsHrOH.. . . 

156-158 (7 mm.) 

20 

25 

n-C*HuOH . . , . 

«ec-C|HnOH.. , 

168-175 (7 mm.) 
119-122 (1 mm.) 

190 

235 

n-C«Hx»OH 

178-182 (7 mm.) 

1000 

1350 

n-C7Hx50H 

165-175 (2 mm.) 

525 

525 


VI. ALKYLCATECHOIiS AND ALKYLHYDROQUINONES 

Comparlltively recently, several 4-n-alkylcatechols have been prepared 
by both the Clemmensen reduction and catalytic reduction of the corre- 
sponding ketones, and the phenol coefficients of three members of the 
series determined against Staph, aureus. These arc appreciably higher for 
the n-butyl (29 versus 10) and n-hexyl (129 versus 98) compounds, but 
lower for the n-heptyl (177 versus 280) than in the case of the corresponding 
resorcinol derivatives. Di-sec-hexylhydroquinone (117) gave a value of 
25 against Staph, aureus and 38 against Strep, hemolyiicus. 


VII. ALKYLPHLOROGLUCINOLS AND ALKYLPYROGALLOL8 

Several alkyl derivatives of trihydroxyphenols have been investigated 
as bactericidal agents. The n-hexylphloroglucinol (74) has a phenol co- 
efficient of 8, while that for the triethyl compound is 2.6. What is prob- 
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ably a di-scc-hexylphloroglucinol made by condensing ?i-hexyl alcohol with 
phloroglucinol in the presence of zinc chloride (117) was found to be about 
ten times as effective against henwlyticus as against Staph, aureus 

(125 versus 12). "J"he 4-n-alkyIpyrogallol series shows a maximum effect 

TABLE 10 


Phenol coefficients of derivatives of pyrogallolf determined by the F.D.A. method 

at S7 5%\ 


PTnOUAU.OL DKKIVATIVK 

PHSNOL COBFFICIBNT 

Staph. aureu9 

B. cdt 

Ethyl 

1 0 

2.3 

n-Propyl 

2.5 

4 4 

n-Butyl 

5 0 

12.6 

n-Ainyl 

19 0 

25 

n-Hexyl 

44 

38 

n-lleptyl 

50. 

26 

Heptenyl 

120 


Dihexenyl 1 

20 

<11 * 

Dihcxenyl II 

250 

<11.* 

Diheptf nyl 

20 



* Against P typhosus i»t 20 5°('. 


TABLE 11 


Phenol coefficients of di-sec- and di-ierl-alkylpyrogallols 


ALCOHOL UHBD 

BOILING POINT or PBODTJCT 

PHBNOL CO 

Staph aureus 

BFncIENT 

Strep hemolyttcus 

n-Butyl 

136-1 10 

•c. 

(2 mm ) 

90 

100 

^er^-Butyl 

165-170 

(4 mm ) 

5 

3 

n-Amyl 

146-148 

(1 .5 mm ) 

200 

220 

<cr(-Amyl 

150-153 

(2 mm.) 

100 

100 

Isoamyl 

157-159 

(2 mm.) 

11 

15 

1-MotKyl butyl. . 

157-160 

(2 mm.) 

215 

235 

1-EthyIpropyl 

154-158 

(2 mm.) 

118 

190 

2-Methyl butyl 

146-148 

(2 mm ) 

95 

145 

n-Hexyl 

153-155 

(1 5 mm.) 

280 

320 

n-Heptyl 

160-164 

(1 5 mm.) 

360 

375 

n-Octyl 

168-172 

(1.5 mm.) 

235 



against B. coli at the n-hexyl compound, w^hile with Staph, aureus the effect 
is still rising with the Tz-heptyl derivative (58). Included in table 10 are 
figures for some alkenylpyrogallols (66) having high potency against Staph, 
aureus and Strep, hemolyticus. Phenol coefficients have been reported for 
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a number of products believed to be di-sec- and di-fer^-alkylpyrogallols, 
made by condensing alcohols with pyrogallol in the presence of zinc chloride 
(117). The properties of these compounds are listed in table 11. The 
most striking feature of the results is the wide variation in the effectiveness 
of the isomeric amyl compounds. The products obtained from n-amyl 
and the two scc-amyl alcohols are probably all mixtures of di-scc-amyl- 
pyrogallols, and the phenol coefficients are in accord with this. The 
product obtained from isoamyl alcohol should be the (cr^-amyl derivative, 
but it had quite different bactericidal properties from those of the com- 
pound made from teri-omyl alcohol. Other inconsistencies in the results 
indicate the necessity for information regarding structures before conclu- 
sions can be drawn. 


TABLE 12 

Properties of £-alkyl-4'fluorophenols 


ALKTL OBOUP 

SOLUBILITY IN WATBB 

PHXNOL OOUmCIlNT 

B. tvphoauB at 20*C. 

1 

Staph, aurma at 87*0. 

Ethyl 

grama per hter 

3.51 

10 


n-Propyl 

1 95 

21 


n-Butyl 

0 76* 

! 66 

60 

n-Amyl 

0 27t 

69 

139 

n-Hexyl 

0 18* 

<62 



• In 20 per cent ethyl alcohol. 

1 0.41 in 20 per cent ethyl alcohol. 


VIH^ALKYLHALOPHENOLS AND ALKYLHALOllESORClNOLS 

Since alkyl groups and halogen atoms separately incrt*tise the bactericidal 
activity of a phenol, it is interesting to note the cumulative effect when 
both types of substituents are present. Alkylhalophenols have been pre- 
pared by methods analogous to those used in making the unhalogenated 
compounds. 

The presence of fluorine para to the hydroxyl group has a smaller effect 
on the germicidal properties of alkylphenols (145) than is obtained with 
the other halogens. The data are given in table 12. A p-fluoro-o-penten- 
ylphenol has also been prepared (40) ; it was claimed that it has germicidal 
activity. 

Klarmann and co workers (81, 84, 86) have reported the behavior of six 
varieties of microorganisms toward numerous alkylchlorophenols. In 
table 13 are listed the results obtained with o-alkyl-p-chlorophenols. In- 
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spection of these data shows that, as in previous groups of compounds, the 
first three members of the series have about the same activity toward all 
microorganisms, but with increasing length of side chain a maximum value 
is reached for each organism. Since this maximum occurs with different 
lengths of side chains, certain compounds are highly effective toward some 
organisms and all but inert to others. Klarmann has used the term ^'quasi- 
specific” activity to designate this phenomenon. It has been found among 
the higher members of all series of alkylated phenols wherever the bac- 
tericidal yiroperties have been studied for several organisms. 

The bac'lericidal action of o-chloro-p-alkylphenols is on the whole less 
than for the series just described. The data are presented in table 14. 

TABLE 13 

Phenol coefficients of o-alkyl-p-chlorophenols 


ALKTL GROUP 

1 PHENOL COEFFICIENT 

B. typhi 

E para- 
dyaerUerta» 

Staph, 

avreua 

Strap. 

hetnolyitcua 

Mycobac- 
Unum 
amegmatu \ 

Trteho^ 

pkyton 

roaaceutn 

None 

4 3 

' ' i 

4.7 

4 3 

4 4 

3 9 

4.2 

Methyl 

12 5 

14 3 

12 5 

11.1 

13.3 

11.7 

Ethyl 

28 6 

32 1 

34 4 : 

31 3 

25 

27.5 

n-Propyl 

93. 

100 

94 

78. 

89 

83 

n-Butyl. 

141 

167. 

257 

250 

156 

160. 

n-Amyl 

156 

200 

500 

556 

400. 

400 

n-Hexyl 

(23 2) 

333. 

1250. 

1333. 

nil. 

500. 

n-Hoptyl 


133 

1500. 

2220. 

1250. 

667. 

n-Octyl 


(26 7) 

1750. 

>667. 

156. 


ifcc-Aniyl 

46 7 

80. 

312. 

312. 

389. 

250. 

Cycloliexyl 


80. 1 

438. 

361. 

278. 

300. 

«ec-Octyl. .. 1 



1000. 

>555. 

>100. 

>50. 


Here the quasi-specific behavior does not become important until there are 
more than four carbon atoms in the side chain. It may be that an inter- 
action of the hydroxyl and chloro groups is responsible for the decreased 
effectiveness of these compounds as compared with their isomers. 

Results similar to those shown in table 14 were reported the same year 
by Blicke and Stockhaus (13). These investigators mentioned the erratic 
behavior of the hexyl and heptyl derivatives, the phenol coefficients using 
Staph, aureus varying from 444 to 714 and from 375 to 666 for the two 
compounds. 

3-Methyl-4-chlorophenol is slightly less effective than the o-cresol deriva- 
tive (81). Rapps (1 16) found this compound to be about twice as effective 
in a castor oil soap solution as in water, the Rideal-Walker phenol coeffi- 
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cient rising from 13 to 25. Chlorine derivatives of other 3-alkylphenols 
are not known, chiefly because of the large amount of work that would be 
involved in preparing them. 

A mixture of chloro-scc-butylphenols obtained by the action of sulfuryl 
chloride upon scc-butylphcnol has been patented for its bactericidal ac- 
tivity (14). The dichlorination of the cresols has been reported to 
multiply their germicidal effectiveness by ten (156). Commercial chloro-o- 
cyclohexylphenol gives a phenol f‘oefficient of 437 against Staph, aureus 
(162). A series of 2 , 4-dichloro-6-alkylphenols has recently been prepared 
(26), but unfortunately there seems to be no information available 
concerning their bactericidal power. The preparation of a pcntenyl-m- 
chlorophenol has also been described (40) and compounds of this type 
were claimed as bactericides. 


TABLE 14 


Phenol coefficients of p-alkyl-o-cklorophenola 


ALKTL GROUP 

PHSNOL COBFFICIBNT 

E. typhx 

E para- 
dyaenienae 

Staph. 

aurtua 

Strep. \ 
kemolyttcua 

Myeobae- 

terium 

amegmatia 

Tricho- 

phyton} 

roaaceum 

None 

2 5 

2 3 

2.9 

2.0 

2.2 

<1 

Methyl 

6 3 

6 3 

7.5 

5.6 

6.3 

7.0 

Ethyl 

17 2 

13 3 

15 7 

15.0 

15.6 

14.0 

n-Propyl 

38 

40 

32 

35 

33 

>33 

n-Butyl . 

87 

80 

94 

89 

125 

80 

w-Amyl 

80 

80 

286 

222 

250 

>250 

tert-Amyl 

(32) 

47 

125 

138 

138 

145 

n-Hexyl . 


(36) 

714 

625 

500 

>420 

w-Octyl 


[ 

375 

350 

200 

>290 


A study of the isomeric chloroxylenols has shown that the compounds 
A, B, and C were about four times as effective against B. coli and fifteen 
times as strong against Staph, aureus (60, 90, 91) as the compounds D and 
E. Here again, the less active substances are those having chlorine ortho 
to hydroxyl. For B the phenol coeflBcient by the Rideal--Walker procedure 
is 38 (116). 

OH OH OH OH OH 

/Nch, /Nch, cir^ ci/Nch, 


Cl 
‘ A 


CH, 


CH,k^iCH, 
Cl 
B 


CHa 


Cl 


CHa 

D 


CHa 


CH, 

E 
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Klarmann and coworkers have studied an interesting group of di- and 
trialkyl-TMihlorophenols. The germicidal activity of these compounds is 
tabulated in table 15. One trialkyl-2-chlorophenol, — namely, the 4-n- 
propybS, 5-dimethyl compound, — was also studied. The figures obtained 
were 75, 2000, 140, 222, and lOO for the five microorganisms listed in table 
15. It IS obvious that when the number of carbon atoms in the side chain 
totals more than four, the bactericidal effect toward E. typhi drops below 
the maximum value, whereas with the other organisms the maximum is 
not reached until the carbon atoms total seven. As Klarmann points 
out, a compound having the side-chain carbon atoms in one alkyl group is 

TABLE 15 


Phenol coefficients of di- and tri-alkyUJ^-chlorophenols 



PHXMOL COBFriCIXNT 

ALKYL QBOUPS 

E. typkt 

Staph 

aurem 

Strep. 

hemolyt- 

%eua 

Myeobat’ 

tenum 

amtg- 

matxa 

Tricho- 

phyton 

roaaeeum 

3,5-Dimethyl 

30 

26 

28 

28 

25 

3-Methyl -6-ethyl 

64 

50 

56 

56 

60 

3-Mcthyl-6-/i-propyl 

133 

200 

178 

156 

150 

3-Methyl-6-isopropyl (chlorothymol) 

107 

150 

138 

138 

140 

3-Me t hy 1 -G-«cc-bu ty 1 

43 

344 

333 

361 

275 

3-Methyl-6-«cc-amyl 

27 

688 

556 

625 

500 

3-MethyI-6-scc-o('tyl 


>89 

122 

>70 


3, 5-Dimethy 1-2-ethyl 

46 

106 

94 

122 

130 

3,5-Dimcthyl-2-isopropyl 

81 

313 

313 

325 

275 

3,5-Dimothyl-2-.sec-butyl 

29 

! 563 

556 

556 

545 

3 , 5-Dimet hyl-2-scc-am yl * 


750 

nil 

700 


3,5-Dimethyl-2-diethylcarbinyl* 


1143 

1000 

667 

700 

3,5-DimethyI-2-5fc-octyl 


100 

>67 




* These two phenols are probably mixtures of the two straight-chain sec-amyl 
compounds in varying proportions. 


more potent than when these are scattered among two or more substituents. 
Plow ever, because carvacrol and thymol are readily available, chlorine 
derivatives of these have been advocated for use as germicidal agents (111, 
112,1 29) . Chlorine derivatives of the amylcrcsols have also been described 
in the patent literature (114). 

The behavior of alkylbromophcnols (80, 85) parallels that of the chlorine 
compounds. Available data for derivatives of p-bromophenol are listed 
in table 16. A comparison with table 13 shows that the maximum effect 
against E. typhi is reached one carbon atom lower in the series but that it 
is the same maximum. Against Staph, aureus the n-hexyl chloro and 
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bromo compounds have identical effects. Because of the lower molecular 
weights of the chlorine compounds, identical phenol coefficients mean a 
greater efficiency per molecule for the bromine compounds. The activity 
of 4-n-hexyl-2-bromophenol is just one-half that of the isomer with the 
bromine in the para-position and slightly less than for the chlorine com- 
pound. A scries of 2,4-dibromo-6-alkylphcnols has been prepared (27), 
but their germicidal properties were not reported. 


TABLE 16 

Phenol coefficienia of o-alkyl-p-bromophenola 


ALKTL OBOUP 

1 PHBNOL COBfTICiBNT 

E. typhi 

Staph, aurnu 

Mycobacterium 

tiibereuloei* 

Manila 

albtcana 

None ... , . 

6 

5 

5 6 

6.3 

Methyl.. . 

12.6 

11 3 

13.3 

13.3 

Ethyl 

31. 

25 

28. 

28. 

n-Propyl 

63. 

63. 

78 

78. 

n-Butyl .... 

156. 

313. 

278. 

222. 

n-Amyl 

63. 

671. 

444. 

278. 

n-Hexyl 


1250. 

778. 

278. 

8CC-Amyl 

>33 

1 150 

166. 

160. 

Cyclohexyl 

>23 

429. 

278. 

222. 


TABLE 17 

Phenol coefficients of 4^alkyl-€-chlororesorcinol8 


ALKTL QBOUP 

1 PHBNOL COBPFICIBNT 

Staph, aureue 

B. typhoeue 

None. .. 

1.34 

1 20 

Ethyl 

6 


n-Butyl 

35-46 

47. 

n-Hexyl ... 

240. 


n-Heptyl 

625. 


n-Octyl . 

666. 



The isomeric bromoxylcnols differ even more than the chlorine deriva- 
tives in their bactericidal properties. Those with the bromine atom para 
to the hydroxyl group are six times as strong against B, colt and fifteen 
times as active toward Staph, aureus as the o-bromo compounds. The 
more active compounds had phenol coefficients in the range 50 to 60. 

lodinated alkylphenols have been little studied. Their solubility in 
water is low (139). It has been claimed that an iodinated carvacrol (111) 
h^ useful germicidal properties. 
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Some information ivS available concerning the alkyl chlororesorcinols. 
Th(‘ ])res(‘nc(‘ of the chlorine practically doubles the bactericidal action, 
as compared to the chloriru‘-frec compounds (99, 103, 119). A comparison 
of tabk's 7 and 17 brings out this point. Which member of the series gives 
the maximum ( ffect against B. typhosus apparently has not been deter- 
rniiK'd. 

Ab'thods for jireparing a number of secondary and tertiary alkylchloro- 
resorciiiols hav(* fxrn de>cribed (1, 1, 102), but details of the bactericidal 
act 1 vitv of t hes(* eompounds an* lacking Tn one paUmt bromine and iodine 
derivative's are* referred to also (87). 

IX. H\DnOXY(^ARBOXYLir ACIDS AND THEIR DERIVATIVES 

iMany irn cstigations have been made on the antiseptic or preservative 
effect of tilt' hydroxy acids, their halogen derivatives, and particularly 
tlieir e\st( rs. Most of the nvsults are not easily comparable with phenol 
coefficient, vahu's, as they deal with the liacteriostatic properties of these 
com[)ounds and an* frequently referred to yeast rather than to pathogenic 
microorganisms. However, the effei'ts of halogen and alkyl groups arc 
comparable to those already dovseribed for the simpler phenols and will 
be discussed briefly. 

5-Fluorosalicylic acid has been j»repared (154) and was found to have a 
liiglier toxicity to ’whib* mice than salicylic acid but no bactericidal data 
were obtained. In cultures of E. typhi, chloro- and dichloro-salicylic acids 
had about the same effect as salicylic acid (127), but 5-bromosalicylic acid 
was two time's and 3,5-dibromosalicylic acid eight times as toxic to the 
organism. Against Staph, aureus both chlorine compounds were about 
twic(' as effective as salicylic acid, while 5~bromosalicylic acid was eight 
times and 3 , 5-dibromosalicylic acid was sixty-four times as effective. A 
more recent study (41), using the sodium salts of the acids, showed the 
superiority of the halogenated salicylic acids over phenol as a growth- 
arresting or bacteriostatic agent, but salicylic acid and its chlorine deriva- 
tives w('r(' found to be less germicidal than phenol, while the bromine and 
iodine derivatives are more active. 

A series of ?i-alkylsalicylic acids (39) has been prepared; it was reported 
that these had higher phenol coefficients than salicylic acid, but no numeri- 
cal values were given. The synthesis of sec- and /er/-alkylsalicylic acid 
derivatives has btx'n outlined in a patent (19). The products were claimed 
to have disinfectant properties. 

While esters of salicylic acid have little germicidal or bacteriostatic 
action, certain alkyl p-hydroxybenzoates are highly effective, particularly 
as preservatives (10, 46, 48, 131, 132, 144, 159). The presence of halogen 
(88a, 138) in the nucleus increases tins effectiveness as does the nitro group 
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(133) also, while the amino group decreases it. Nuelear-alkylated esters 
of p-hydroxybenzoic acid have been described (53). The action of numer- 
ous dihydroxybenzoic acids and their esters on yeast has also been men- 
tioned. A recent determination of the phenol coefficients for several 
n-alkyl 3 , 5-dihydroxybeiizoates (153) against Staph, aureus at 37®C. in- 
dicated that the figures for the ethyl and ?i-butyl compounds were less 
than 10, wliile the n-hcptyl compound gave a value of 38. . 

X. NITRO-, AMINO-, AND SULFO-PHENOLS ^ 

Not a great deal is known concerning thc' germicidal properties of nitro- 
phenols. Mazetti (93) found that of the three isomers the para-compound 
was most active. The ortho- and meta-isomers behaved about the same 
toward E. typhi, whereas against Staph, aureus the ortho-isomer was more 
cfTective. All three compounds were stronger bactericides tlian phenol. 
Since thc pH of thc iiitrophcmol solutions was about the same (93), their 
variation was not due to differences in their acid properties. o-Amino- 
phenol and various of its n-alkyl dcrivativcvs have been described in the 
patent literature as highly active germicidal agents of low toxicity (109) 
but have not been studied extensively. 

A mixture of phenolsulfonic acids of rather doubtful germicidal value, 
which contained chiefly the para-isomer (51, 108), was on the market for 
many years. In a study of sodium p-alkylphenolsulfonatcs (151) from 
n-propyl to n-hexyl, it was found that only the ?i-propyi and n-butyl com- 
pounds had measurable phenol coefficients, the values being 1.8 and 2.4, 
respectively. At 26°C. the solubility of the four sulfonates in water ranged 
from 1.5 to 0.5 g. per 100 ml. The solutions foamed readily, indicating 
a low surface tension. More recently, w-hexylresorci no! sulfonic acid has 
been patented (89) as a germicidal agent. 

XI. HYDROXYARYL ALKYL ETHERS AND SULFIDES 

Monoalkyl ethers of dihydroxyphenols may be looked upoti as alkyl- 
phenols in which an oxygen has been introdu(;ed between the alkyl group 
and the ring, or alternatively as alkylphenoLs in which a methylene has 
been replaced by oxygen. In table 18 arc listed the phenol coefficients 
for some monoalkyl ethers of the isomeric dihydroxy phenols (75, 77). It 
is obvious that the effect of the oxygen is complex. While isomeric ri-alkyl- 
phenols exhibit the same germicidal activity, the ortho ethers are definitely 
less effective than the meta- and para-compounds. On the other hand, 
the maximum effect against B. typhosus in each series occurs at the five- 
carbon-atom side chain, as with the alkylphenols. Guaiacol and its deriva- 
tives have been used medidnally for some time. In the older literature 
(50) it was described as being a stronger disinfectant than phenol. A series 



286 


C. M. SUTER 


of 4-alkylguaiacoLs was found to have its maximum phenol coefficient at 
the n-amyl compound (63), but the value was low. The condensation 
product of 2-cthyl-l -butanol and guaiacol showed phenol coefficients of 
73 and 63 against Staph, aureus and E. typhi, respectively (59a). The 
preparation of mono ethers of 4-chlororesorcinol has been described in the 
patent literature (122). These products are probably mixtures of isomers. 

The effect of a second ether oxygen in a phenol side chain is to reduce the 
bactericidal a(;tion still further (20, 65). This is shown in table 19. Ap- 


TABLE 18 

Phenol coefficients at S7**C. of isomeric hydroxyphenyl alkyl ethers 


ALKYL GBOUP 

PHSNOL COBFPICISNT AGAINST 

B. typhottu 

PHBNOL COSFPICIBNT AGAINST 

Staph, aiuretu 

Para- 

compound 

Meta- 

compound 

Ortho- 

comi>ound 

Para- 

compound 

Meta- 

compound 

Ortho- 

compound 

None 

>12. 

0 4 

0 87 

0.44 

0 4 

0.58 

Methyl 

1 0 

1 ;; 

0.91 

0 8 

1.2 

0 73 

Ethyl 

1 5 

3 6 

1.8 

1.5 

3 0 

1.6 

n-Propyl 

5 4 

6 9 

4.1 

4 1 

5 4 

3 8 

n-Butyl 

14. 

20. 

9.8 

9. 

18. 

10. 

n-Amyl 

29 

38. 

22 

30. 

36 

23. 

n-Hexyl 

18 

46 

17 

100 

125. 

28. 

n-IIeptyl 

17 

21 

9 7 

200 

330 

37. 

n-Octyl 


2 3 


360 

580. 


n-Nonyl 


3.4 



650. 


sec-Amyl 

19 

(26) 

1 

26. 

(31) I 


Cyclohexyl 


(18) 



(20) 



TABLE 19 

Phenol coefficients of resorcinol monoethers 


KTUSB 

PHBNOL COKPFICIKNT 

B. typkoaxu (20'’C ) 

Staph, aureus (ST’C.) 

/3-Ethoxyethyl 

2.5 

5 

/3-Butoxyethyl 

10. 

6 

7 -Butoxypropyl 

6. 

5 


parcntly no alkoxyalkylphenol has been studied, so the effect of an ether 
linkage in the side chain where the oxygen is not attached to the nucleus 
is not known. One or more alcohol groups in the side chain of an aryl 
alkyl ether reduces the phenol coefficient to zero (118). Against Staph, 
aureus at 37.5®C. the monoallyl and diallyl ethers of pyrogallol (66) have 
the phenol coefficients 15 and 6, respectively. Information is not available 
on other unsaturated ethers. 
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The results obtained with hydroxyphenyl alkyl ethers made it of interest 
to determine the germicidal activity of the corresponding sulfides. It is 
brought out in table 20 that, for the lower members of the series against 
B. typhosus, the sulfides are about five times as effective as the ethei’S (95, 
97, 100, 147). Separating the alkyl group from the phenol nucleus by 
sulfur results in a rise in the phenol coefficient. The p-hydroxy sulfides 
are more potent than the meta- and ortho-isomers. For the w^butyl com- 

TABLE 20 


Phenol coefficients of p-hydroxyphenyl alkyl sulfides and ethers 


AliKTL OBOVP 

PBXNOL COXFFICISNT AGAINST 

B. typho4%u 

PHBNOL COSPPICIBNT AGAINST 

Staph, aweut 

Sulfide 

Ether 

Sulfide 

Ether 

Methyl. . . 

6 

1 

4 (8) 

0.8 

Ethyl . 

12 

1.5 

12 (10) 

1.5 

n-Propyl 

25 

5.4 

25 (36) 

4.1 

n-Butyl 

75 

14 

60 (77)* 

9.3 

w-Amyl. 

75 

29 

ISO (120) 

30. 

n-Hexyl . . . 

40 

18 

200 (230)* 

100. 

Isopropyl 



(20) 


Isobutyl . , . 



(61) 


Isoamyl. 



(30) 


Benzyl 



(20) 



* Here the solvent was 0.01 N sodium hydroxide. 


TABLE 21 

Phenol coefficients of S-methyUJ^-hydroxyphenyl alkyl sulfides 



B. typho$U9 

Staph. avr*u» 

Strep, hemolutteue 

Methyl 

13 

12 

10 

Ethyl .... 

20 

50 

40 

n-Propyl 

23 

80 

80 

n-Butyl 

14 

100 

80 

n-Amyl 

8 

250 

200 


pounds the phenol coefficient decreases from 77 to 40 to 25 as the hydroxyl 
group approaches the sulfur atom. Introduction of a methyl group into 
the aryl nucleus decreases greatly the maximum effectiveness of the sul- 
fides against B, typhosus (150). The results are shown in table 21. 

A series of 3-chloro-4-hydroxyphenyl alkyl sulfides has been prepared 
(28), but unfortunately no information is available concerning their bac- 
tericidal properties, ITie first attempts to prepare dihydroxyphenyl alkyl 
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fiulfidcs wore unsuccessful (148), but more recently (149) a series of 3,5- 
dihydroxy compounds has been synthesized by a series of reactions starting 
with benzenotnsulfonic acid. The phenol coefficients for these compounds 
ar(‘ much lower than was anticipated. They are listed in table 22. Mono- 
ethers of j^hloroglucinol an* not available for comparison, but the sym- 
alkylresorcinols mentioned earlier did not show abnormally low germicidal 
activity. 

XII. HYDROXY DERIVATIVES OF BIPHENYL 

Although there are many claims in the patent literature and some general 
stat.(*m(*nts elsewhere to the effec.t that hydroxybiphenyls are excellent 
bactf*ricidal agents, the (|uantitativc information available is small. Harris 
and Christiansen (56) hav(* shown that 2-hydroxybiphenyl kills B, typhosus 
in a dilution of 1:2000 in 5 min., while against Staph, aureus the dilution 
necessary is 1:800. Woodruff gives the phenol coefficient here as 12.5 

TABLE 22 


Phenol coefficient a of 3 ,5~dthydroxy phenyl alkyl sulfides at S7^C. 


ALJIYL a«OXJP j 

PHENOL COEFFICIENT 

B tvpho»u» 

Staph, aureus 

Methyl 

5.9 

4 3 

Ethyl 

8 3 

6 2 

n-Propyl 

16. 

11. 

n-Butyl 

17. 

14. 

n-Amyl 

<16. 

<11 

n-Hexyl 

<34 

<23. 


(162). A study of the* action of the same compound upon Mycobacterium 
tuberculosis in soap solutions (157) showed it to be lethal after 2 min. in 
0.5 per cent concentration in a 1 per cent soap solution; wdth a 0.5 per cent 
soap solution, the presence of 0.25 per cent of the phenol w^as effective in 
30 min., wdiile at lower concentrations of soap and the phenol, the results 
were uncertain. Fuller (52) has reported that o-hydroxybiphenyl has 
remarkable penetrating jiowTr on the intact skin and is destructive toward 
the Stieptococcus and Stajihylococcus groups of organisms, but no numeri- 
cal data WT*re given. 

A recent (104) determination of the behavior of 3-hydroxybiphenyl 
tow^ard Staph, aureus gave a phenol coefficient of 33, indicating that phenyl 
is somewffiat less effective than n-butyl in increasing the germicidal action 
of phenol. The activity tow'ard B. typhosus is only about one-fifth as 
great (56). Against Staph, aureus, p-phenjdpheriol is even less effective 
than the ortho-isomer (162). Tests made with 2,4-dihydroxybiphenyl 
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(146) against Staph, aureus at 37°C. gave a phenol coefficient of 14, while 
the 3,5-isomer has a value of less than 12. 2,5-Dihyciroxybiphenyl re- 
quires a dilution of 1:500 to kill either B. typhosus or Staph, aureus in 5 min. 
(56), while for the 3,4-isomer the dilutions were 1:2000 and 1:1200, 
respectively. 

Halogen derivatives of hydroxybiphenyls have been described several 
times in the patent literature as having bactericidal properties (17, 32, 33, 
69, 143). o-Bromo-p-phonylphenol has a phenol coefficient of 62.5 against 
Staph, aureus at 37°C. (162). A variety of alkylliydroxybiphenyls has 
also been investigated (16, 29, 33, 56). Against Staph, aureus^ 3-alkyl-2- 
hydroxybiphenyls are less active than 2-hydroxybiphenyl itself, while the 
5-alkyl isomers are more effective, reaching a maximum with the n-propyl 
derivative. Against B. typhosus, both groups of alkyl compounds exhibit 
decreased bactericidal properties. In general, the regularity in the effect 
of the alkyl group shown in the simple alkylphenuls is no longer in evidence. 
Many halogenated (15) alkylhydroxybiphenyls have been listed as of 
potential value as germicides, 

XIII. HYDROXY DERIVATIVES OF DIPHENYLMETHANE 

It would be of particular interest to be able to compare a series of hydroxy- 
biphenyl derivatives with the corresponding diphenylmethanes, where 
the tw'o aromatic nuclei are separated by a saturated group which prevents 
resonance effects from being transferred from one ring to the other. Owing 
to Klarmann and coworkers (76, 78, 83), information is available for a 
variety of mono- and di-hydroxydiphenylmc thane derivatives. The mono- 
hydroxy compounds are listed in table 23. Huston and coworkers (68) 
have prepared many other benzylphenols. 

Several conclusions arc obvious from these data. As for the simple 
halogenated phenols, a halogen ortho to a hydroxyl group increases the 
phenol coefficient less than when in the para-position. On the whole, 
it makes little difference which ring bears the halogen atom so long as it is 
not ortho to the hydroxyl. Multiple substitution of methyl and halogen 
groups produces substances highly active against Staph, aureus and Strep, 
hemolyticus. 

A few derivatives of 2,4-dihydroxydiphcnylmcthanc have been investi- 
gated. Their relative effectiveness is indicated in table 24. Here a halo- 
gen in the second ring raises the bactericidal value more than one adjacent 
to hydroxyl. The unsubstituted compound lias about the same bac- 
tericidal action as 2,4-dihydroxybiphenyl (116). 

An interesting series of diphenylme thane derivatives has been prepared 
(55) by condensing 2-hydroxy-3,5-dibromobenzyl bromide with various 
p^jienols, giving products having one or more hydroxyls in each ring. 
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TABLE 23 

Phenol coefficients of hydroxydiphenylmethane derivatives 


BUBBTITUTBD HTDBOXT COMPOUND 

1 PUBNOL COEFFICIENT 

E typhx 

1 

E paradyBen-^ 
tertae 

Staph. 

aureua 

Strep 

hemolytieua 

3-Chloro-4- 

36 

54 

125 

165 

3-Chl()ro-2> 

1 24 

36 

71 

94 

5-Chloro-2- 

74 

92 

215 

245 

4'-Chloro-4- 

83 

98 

170 

165 

4'-Ohloro-2- 

57 

90 

190 

175 

3-Bromo-L 

19 

37 

170 

185 

5-Bromo-2- 

26 

55 

295 

310 

3,4'-Dichlor()-4“ 

41 

110 

345 

175 

3,5“Dichloro-2“ 

22 

85 

65 

250 

3-Chloro-4'-bromo-4- 

17 

24 

200 

565 

5-C hi oro-3-me t hy 1 -2- 

16 

25 

245 

300 

4'-Chloro-3-methyl-2- 

16 

26 

240 

260 

5-Chl()rO“4-mcthyl-2- 

17 

34 

405 

! 455 

5-Chloro-4,6-dimethyl-2- 

31 

22 

920 

785 

4'-Br<)rno-4 , 6-dimcthyl-2- 



420 

600 

5 - Chloro - 3 - isopropyl -6- 


1 



methyl -2- 

16 

15 I 

35 

38 


TABLE 24 

Phenol coefficients of substituted 2, 4-dihydroxydiphenylm ethanes 


SUBBTITUENT 

PHBKOD COEFFICIENT 

B. typhoBXU 

Staph. aureuB 

None . . 

18 

11 

6-Chloro- 

48 

37 

4'-Chloro- 

63 

40 

5-Bromo- 

37 

45 

4'-Bromo- 

55 

61 


OH 


Br^CHjBr 

V 

Br 


+ 


OH 

A 

IJoH 


OH 


BrjA— CH, 

V 

Br 



+ HBr 


In table 25 the compounds made in this manner are listed, together 
with their “maximum killing dilutions^' at 5 min. The first column indi- 
cates the phenol used in the condensation. The determinations were 
made at 37°C. by the F.D.A. method. The presence of a hydroxyl group 
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in each nucleus apparently reduces the effect toward E, typhi to a small 
value, whereas some of the compounds arc quite effective against Staph, 
aureus. 

When two aryl groups, one of them containing one or more hydroxyl 
groups, are separated by more than one methylene group, the germicidal 
power rises and then falls (74). This is brought out in table 26. 

TABLE 25 


Bactericidal properties of 2-hydroxyS,6^ihromodtphenylmethane derivatives 


1 

PBSNOL 

nrFXCTi'i ns DiLtmoN 

E. typhi 

Staph, aweut 

Phenol . . . 

1:500 

1:1200 

2,4-Dibroniophenol 

1:400 

1*3000 

2 , 4-Diiodophenol 

1:600 

1:6000 

Resorcinol 

1:200 

1:260 

Di hr om oresorcinol 

<1:100 

1:300 

m-Cresol 

1:600 

1:2000 

Dibromo-m-cresol 

1:200 

1:8000 

o-Cresol . 

1:200 

1:1000 

Bromo-o-cresol . . . 

1:500 

1:5000 


TABLE 26 

Phenol coefficients of aralkylphenols 


COMPOUND 

PHSKOL COBPnCIKNT 
AGAINST B. typhotvM 

p-Benzylphenol 

4.6 

4-Benzylre8orcinol . 

22. 

4-Phene thy Iresorcinol 

40. 

4-Phenpropylresorcinol . 

31. 

Benzylphlorogluoinol 

7.6 

Phenethylphloroglucinol . 

8. 

Phenpropylphloroglucinol 

8 8 


In the early investigations of Ehrlich and coworkers (11, 12), it was found 
that when two benzene rings, one bearing a hydroxyl group, were separated 
by the ketone, sulfone, or carbinol grouping, the bactericidal properties 
of the compound were reduced to a low value compared with the diaryl- 
methane derivative. 

XIV. HYDROXY DERIVATIVES OF ARYL ETHERS AND OP ARYL SULFIDES 

It has been pointed out earlier that the bactericidal efficiency of hydroxy- 
pljenyl alkyl sulfides is much greater than that of the corresponding ethers. 
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It is therefore of interest to compare hydroxy derivatives of purely aromatic 
sulfides with the oxygen compounds. Although the sulfides were found to 
be more effective (62, 72), tlie difference is much smaller than in the case 
of the alk^yl aryl compounds. This is brought out in table 27. Walter 
(161) has extended this comparison for the p-hydroxy compound to the 


TABLE 27 

Phenol coefficients for hydroxy aryl ethers and sulfides against B. typhosus 


POSITION or UYDROXYI. 

PHENOL COEFFICIENT 

Ether 

Sulfide 

Ortho . 

17 

33 

Meta 

40 

68 

Para 

41 

115 


TABLE 28 


Phenol coefilctenls of hydroxy diaryl compounds against Staph, aureus 


p-HTDHOXT DERIVATIVE OP 

PHENOL COEFFICIENT 

Phenyl ether 

40 

Phenyl sulfide 

100 

Phenyl selenide 

100 

Diphenylaminc 

10 

Diphenylmethane 

100 


TABLE 29 


Phenol coefficients of phenols and corresponding aryl sulfides against Staph, aureus in 

SO per cent alcohol 


1 

PHENOL 

PHENOL 
COEFFICIENT OF 
PHENOL 

PHENOL 1 

COEFFICIENT OF 
SULFIDE 

RATIO 

Phenol. 

1 

12 5 

12 5 

Resorcinol 

0 8 

3 0 

4 

m-Cresol 

2.1 

17 

8 

p-Chlorophenol . 

6 2 

63 

10 

p-Bromophenol . 

4 2 

42 

10 

Thymol 

8.3 

83 

10 


selenide, amine, and methane derivatives. In table 28 are shown the 
results obtained with Staph, aureus by the Rideal-Walker technic. The 
hydroxy ethers arc of no value as urinary antiseptics because they are 
excreted as esters of sulfuric acid. p-Hydroxyphcnyl p-tolyl sulfide has 
been patented as a germicide (73). Iodine derivatives of hydroxyaryl 
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sulfides are too insoluble to produce a bactericidal effect in the usual 
tests (9). 

An interesting series of sulfides has been prepared by the action of sulfur 
dichloride upon phenols (45). 

2C6H5OH + SCI2 (p-HOCftHOiS + 2HC1 

These compounds, as shown in table 29, are about ten times more effective 
as bactericidal agents than the original phenols, except in the case of re- 
sorcinol ; however, 0.8 is about twice the figiire found for the phenol coef- 
ficient of resorcinol by other investigatois (75). 

XV. DISCUSSION , ^ 

Vx * 

On the basis of the evidence presented, a number of generalizations can 
be formulated. 

1. Whatever the reasons for the lack of agreement of the phenol coef- 
ficients reported by different investigators for the same compound, it is 
evident that any conchision drawn from a comparison of data on different 
substances when the data are not from the same laboratory must be 
accepted with reservations. On the other hand, a general trend in bacteri- 
cidal activity shown in a series of compounds can be relied upon to repeat 
itself in different sets of data, even though the numerical values of the 
phenol coefficients may vary. 

2. It is clear that the phenol coefficient of a compound must depend 
upon several properties, which may be physical or chemical or both. A 
property which is dominant in determining bactericidal activity toward 
B. typhosus, for example, must be relatively unimportant with another 
type of organism such as Staph, aureus. Otherwise the variation in ef- 
fectiveness toward different organisms shown in a homologous series 
becomes unintelligible. The use of phenol as a reference standard some- 
what clouds the issue here. A compound may have the same phenol 
coefficient against two types of organisms and still differ markedly in its 
relative lethal effects because of the difference shown by phenol in its 
action on the same two types of organism. In other words, the mechanism 
of bactericidal action must, for the time being, be considered as a separate 
problem for each type of organism. 

3. The introduction of halogen into the nucleus of a phenolic compound 
without exception increases its bactericidal potency. This increase is less 
for the ortho-position than the para, perhaps owing to interaction between 
the hydroxyl groups and halogen atoms. Little evidence is available for 
meta-compounds. The effect of halogen substitution, in general, increases 
with increasing atomic weight of the halogen. However, the effect of 
iotiine has been little studied. 
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4. The introduction of an alkyl group into the phenol nucleus produces 
a rise in bactericidal action, followed by a decrease as the carbon chain 
extends beyond five or six carbon atoms when B. typhosus and other 
Grain-negative organisms are employed for testing. For Staph, aureus 
and other Gram-positive varieties, the increase in activity continues 
somewhat irregularly until the compound becomes too insoluble to test 
satisfactorily. A normal carbon chain has more effect than a branched 
one containing the same number of carbon atoms. A primary alkyl 
group has more effect than a secondary or tertiary alkyl group of the same 
weight. A given number of carbon atoms produces more effect in a single 
side chain than whcui distributed between two or more. The effect of 
halogen and alkyl on bactericidal properties is more or less independent, 
i.e., if an alkyl group raises the phenol coefficient a halogen atom increases 
it still further. 

The effect of introducing an alkyl group into a hydroxybiphenyl or 
hydroxydiphcnylmethane is irregular and unpredictable. 

5. Separation of an alkyl group from the phenol nucleus by oxygen 
decreases the germicidal activity, and the presence of oxygen as an alcohol 
or ether group in the side chain likewise produces this effect. On the other 
hand, a sulfur atom between the aryl and alkyl group increases the bacteri- 
cidal action, the sulfur acting somewhat as an additional methylene group. 

6. Increasing the number of hydroxyl groups attached to an aromatic 
nucleus decreases the germicidal activity, a decrease that cannot effectively 
be comp(*nsated for by alkyl and halogen when more than two hydroxyl 
groups are present. 

7. Conclusions about compounds containing two or more aromatic 
nuclei are subject to the limitations indicated under paragraph 1. It 
appeal’s that separation of the benzene rings of hydroxybiphenyl by means 
of groups which do not increase water-solubility or arc not strongly polar, — 
such as methylene, ethylene, possibly trimethylene, sulfur, and selenium, — 
either does not change or increases bactericidal activity. On the other 
hand, the effect of the ketone, sulfone, and carbinol groups is just the 
reverse. The effect of the ether linkage is small and uncertain as to 
direction. It would be expected that the oxygen of diaryl ethers would 
have very weakly basic properties and hence influence the water-solubility 
of these compounds to a relatively small degree. Little systematic in- 
formation is available concerning hydroxy derivatives of fused ring systems. 

Suggestions for further research 

Two types of research problems are in need of investigation in the field 
of phenolic bactericidal agents. In the first place, there are a number of 
serious gaps in our knowledge of the effect of certain groups. A study of 
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the effect of halogen meta to hydroxyl would be of interast, as in the one 
known example the bactericidal value is much higher than for the other 
isomers. It would be of interest to know whether the effect of halogen 
in the ring of hydroxyphenyl alkyl sulfides is to increase germicidal action 
or to decrease it, as does a methyl group. The synthesis of halogenated 
hydroxybiphenyls in which the halogen is not in the same ring as the 
phenol group also seems justified, in order to be able to compare such 
compounds with the diphenylmethane derivatives already investigated. 
It seems likely that a study of certain naphthalene derivatives, — ^in par- 
ticular, 1 ,3-dihydroxy naphthalene and its substitiition products, — would 
yield results of at least theoretical importance. 

The second type of problem to bo suggested is that dealing with the 
mechanism of bactericidal action and the correlation of this action with 
something other than mok'cular structure. Data are needed on the 
physical properties of phenolic compounds; in particular, solubilities, 
surface tension or iiiterfacial tc^nsion effects, the distribution ratio between 
immiscible solvents, and adsorption phenomena seem worthy of study. 
From a knowledge of these properties for a relatively few carefully selected 
compounds, some insight into the mechanism of bactericidal effects may 
be obtained. 
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4. The introduction of an alkyl group into the phenol nucleus produces 
a rise in bactericidal action, followeid by a decrease as the carbon chain 
extends })eyond five or six carbon atoms when B. typhosus and other 
Grarn-negative organisms an' (‘mployed for testing. For Staph, aureus 
and other Gram-positive varieties, the increase in activity continues 
somewhat irregularly until the compound becomes too insoluble to test 
satisfactorily. A normal carbon chain has more effect than a branched 
one (‘ontaining the same number of carbon atoms. A primary alkyl 
group has more effect than a secondary or tertiary alkyl group of the same 
weight. A given number of carbon atoms produces more effect in a single 
side chain than when distributed between two or more. The effect of 
halogen and alkyl on bactericidal properties is more or less independent, 
i.e., if an alkyl group raises the phenol coefficient a halogen atom increases 
it still further. 

The ('ffect of introducing an alkyl group into a hydroxybiphenyl or 
hydroxydiphenylmethane is irregular and unpredictable. 

5. Separation of an alkyl group from the phenol nucleus by oxygen 
decreases the germicidal activity, and the presence of oxygen as an alcohol 
or ether group in the side chain likewise produces this effect. On the other 
hand, a sulfur atom between the aryl and alkyl group increases the bacteri- 
cidal action, the sulfur acting somewhat as an additional methylene group. 

6. Increasing the number of hydroxyl groups attached to an aromatic 
nucleus decreases the germicidal activity, a decrease that cannot effectively 
be compensated tor by alkyl and halogen when more than two hydroxyl 
groups are present. 

7. Conclusions about compounds containing two or more aromatic 
nuclei are subject to the limitations indicated under paragraph 1. It 
appears that separation of the benzene rings of hydroxybiphenyl by means 
of groups which do not increase water-solubility or are not strongly polar, — 
such as methylene, ethylene, possibly trimethylene, sulfur, and selenium, — 
either does not change or increases bactericidal activity. On the other 
hand, the effect of the ketone, sulfone, and carbinol groups is just the 
reverse. The effect of the ether linkage is small and uncertain as to 
direction. It would be expected that the oxygen of diaryl ethers would 
have very weakly basic properties and hence influence the water-solubility 
of these compounds to a relatively small degree. Little systematic in- 
formation is available concerning hydroxy derivatives of fused ring systems. 

Suggestions for further research 

Two types of research problems are in need of investigation in the field 
of phenolic bactericidal agents. In the first place, there are a number of 
serious gaps in our knowledge of the effect of certain groups. A study of 
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the effect of halogen meta to hydroxyl would be of interest, as in the one 
known example the bactericidal value is much higher than for the other 
isomers. It would be of interest to know whether the effect of halogen 
in the ring of hydroxyphenyl alkyl sulfides is to increase germicidal action 
or to decrease it, as docs a meth>l group. The synthesis of halogenated 
hydroxybiphenyls in which the halogen is not in the same ring as the 
phenol group also seems justified, in order to be able to compare such 
compounds with the diphenylmethane derivatives already investigated. 
It seems likely that a study of certain naphthalene derivatives, — ^in par- 
ticular, 1 ,3-dihydroxynaphthalonc and its substitution products, — would 
yield results of at least theoretical importaiice. 

The second type of problem to be suggested is that dealing with the 
mechanism of bactericidal action and the correlation of this action with 
something other than molecular structure. Data are needed on the 
physical properties of phenolic compounds; in particular, solubilities, 
surface tension or interfacial tension effects, the distribution ratio between 
immiscible solvents, and adsorption phenomena seem worthy of study. 
From a knowledge of these properties for a relatively few carefully selected 
compounds, some insight into the mechanism of bactericidal effects may 
be obtained. 
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A summary of the formulas of statistical mechanics is given, followed by a 
discussion of potential-energy surfaces. This is used as a background for a 
discussion of the theory of absolute reaction rates The formal equations for 
viscous flow in liquids arc then developed, followed by a discussion of the 
evaluation of the quantities entering into the equations Applications of the 
theory to viscous flow in normal liquids, associated liquids, andM-andX-sulfur 
are then described, as well as the effect of high hydrostatic pressure on 
viscosity. Diffusion in liquids is then treated as a rate process, and con- 
clusions as to the nature of the process are drawn from inspection of the 
available data. 

With the aid of the theory and generalizations discussed here it is possible 
from thermodynamic data to calculate the viscosity of any normal liquid to 
within a small factor at any temperature from its freezing point to its boiling 
point, and at any pressure from 1 to 10,000 atmospheres. 

The treatment of the viscosity of liquids dcscribe^d here is based on the 
theory of absolute reaction rates developed to treat ordinary chemical 
reactions (13, 17, 18, 71). Since this theory is baaed on the concepts and 
equations of elementary statistical mechanics, a brief survey of the subject 
will be given at this ])oint, followed by the development of the theory of 
absolute reaction rates. The applications which have been made to prob- 
lems of viscous flow and diffusion will then be described.^ 

^ The symbols used in this paper are as follows: 
a *= activity 

A Helmholtz free energy 

A, B, C «= moments of inertia for a non-linear molecule 
c «» kinetic theory velocity 
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I. A BRIEF SURVEY OF STATISTICAL MECHANICS 

Suppose that we have a system, two of whose energy levels are t' and €. 
The ratio of the probabilities, p'/p, of the system being in these two states 
is given by the Boltzmann equation (24) : 

p'/p = cxp(~-(6' - ,)/kT) (1) 

where k and Tare, as usual, the gas constant (Boltzmann) and the absolute 
temperature, respectively. Subject to the restriction imposed by the 
energy difference, all stab's arc taken to be equally probable. In quantum 
statistics, different states of the system are distinguished not by different 
energies but by different solutions of ^ in the w^ave equation 

-4- + aV/dyJ + + {E-V)yl> = Q ( 2 ) 

Thus, two different states may have the same energy and, according to our 
postulate, should therefore be equally probable. The number of states 
having a certain energy is called the a prion probability or statistical 
weight and is designated by the symbol o). 

With the aid of the Boltzmann factor, one may readily obtain expressions 
for the thermod\mamic properties of the system. Let a be the probability 

C » concentration 

<7p ■' specific heat at constant pressure 
C, ■= specific heat at constant volume 
D « diffusion constant 
d *= diameter 
E “ energy 

F « parti tition function with the volume divided out, Gibbs free energy 
/ « partition function per system; force 
H « Hamiltonian, heat content 
h « Planck’s constant 
/ = moment of inertia for a linear molecule 
j «= quantum number for rigid rotator 
K » equilibrium constant; thermal conductivity 
k Boltzmann’s constant 
k *» rate constant 
I length 

M « molecular weight 
m mass of a molecule 
N Avogadro’s number; mole fraction 

n *= quantum number for particle in a box and harmonic oscillator; number 
of molecules per cubic centimeter 
P « pressure 

p « probability; momentum 

q « generalized coordinate; q « generalized velocity 
R » gas constant 
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that the system will be in the state of lowest energy. Then the ratio of 
the probability of the system being in any other state to the probability 
that it will be in the lowest state is given by equation 1. Since the sum 
of the probabilities that the system will be in some one of the states is 
unity, we have 

1 = 00)0 + owi exp (— ci/fcT) + om exp (— + . . . 

= o 23 exp(— €</fc!r) (3) 

i 

or 

1/a == X)"»exp(— e</fcr) (4) 

« 

lere €» is the energy of the system in the state, referred to its energy 
the lowest state. The average energy, in excess of that in the lowest 
ite, is seen to be 

i = oo)oO + ao)i€i exp(-€i/fcT) + a« 2€2 exp(--ft/fcr) + • • • (6) 

2 exp(-€i/kT) 

6 = a 22 exp(-€,/fcr) = (6) 

» 2-r exp( — €» 7 «r) 


r = radius 
S ** entropy 

T «* absolute temperature; kinetic energy 
t *» Centigrade temperature 
u « velocity of sound 

V » molal volume; potential energy 

V * volume per molecule; velocity 
Vf « free volume per mole 

Vf « free volume per molecule 
X, Vf z ^ Cartesian coordinates 

a « accommodation coefficient 
^ « compressibility (■ — (l/V')(3V/8P)r) 
y * ratio of Cp to C*; activity coefficient 
€ •= energy level 
fi « viscosity 

0 « Einstein characteristic temperature 

K « partition function for a crystal; force constant; transmission coefficient 
X « ffimension of a molecule 
/I — reduced mass 
p — frequency 

<r « symmetry number; collision diameter 
^ ■» fluidity (« 1/n) 

^ ■■ wave function 
<a a* statistical weight 
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The summation giving 1/a (equation 4) is called the partition function of 
the system and is designated by the symbol /. Using this notation, equa- 
tion G be(^omes 

6 - kT^A{\nf)/AT (7) 

If \v(* are concerned with a larg(‘ number, Ny of systems, ^ the energy is N 
times that for a single one l^hus, if we wish to know the total energy of a 
mole of dilute benzene vapor, and / is the partition function of a single 
molecul(*, the required value is given by 

E = JVfcr“d(ln D/dT = kT‘‘d(\n f)/dT (8) 

This expression for the energy, E, in terms of the partition function, 
can be related to the Helmholtz free energy. Ay by the thermodynamic 
relation, 

E ^ E = -T\\{A/r)/AT (9) 

where E is the usual thermodynamic energy. 

For these two expressions to be consistent we must have 

A/T = —k\nf^ + constant (10) 

The value of the constant is found by the third law of thermodynamics 
or by quantum mechanics to be equal to the logarithm of factorial 
N (In N\)y where N is the number of identical systems in the assembly. 
If the systems are identical, and if one uses quantum mechanics to solve 
for the allowed energy levels of the ensemble, one would then find directly 
for the partition function, In {f^/Nl). In this case the N\ enters because 
the Pauli exclusion princi])le allows only eigenfunctions wdiich are anti- 
symmetric in the N identical systems (9, 50). This treatment then gives 

A/T = -klnf + hiN] (11) 

In order to simplify this formula, Stirling's approximation (8) may be used. 

InNl NlnN - N (12) 

Substitution of equation 12 into equation 11 gives 

A = -RT[\n (f/N) + 1] (13) 

a formula which, from the nature of its origin, must be valid for gases. 

* The word “system” is used here in the same sense as Fowler (24) employs it, to 
mean something which possesses a set of energy levels. This may be a single oscilla- 
tor, a molecule, an entire crystal, or a liquid. “Assembly” is the term employed to 
denote a large number of systems whose energy levels are coupled by an amount suflB- 
cient to permit exchange of energy but insufficient to cause these levels to be differ- 
ent from those for the isolated system. 
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The procedure for crystals is to calculate the partition function k for 
the N atoms or molecules as a single system so that, in this case, one has 
for the Helmholtz free energy 

A = -kTln K (14) 

Having expressions for the free energy and the energy, the entropy in 
terms of the partition lunction follows directly from the thermodynamic 
equation, 

A = E - TS (15) 

Substituting equation 13 or 14 and equation 8 into equation 15, we 


obtain 




S = 7i;[ln (//AT) + 1] + S/T (gas) 

(16) 

and 




kin K + E/T (crystal) 

(17) 


The equation of state also follows from the partition function by means 
of the equation, 

p = ^(dA/dV)T (18) 


A. Explicit expressions for tJie partition functions 

Thus far, the partition function has been defined in a perfectly general 
way in terms of the energy levels. However, the energy levels vary in a 
simple fashion for many systems met with in physical problems, so that 
the sums can be put into more convenient forms. 

The energy levels obtained by the aid of equation 2 for a particle moving 
in a cubical box of edge I and possessing kinetic but not potential energy are 


h\n\ + nt + n!) 
SmP 


(19) 


where the n^s are integers. The partition function defined by equation 4 
is found to be 

/ = {2TmkT/hYH’ ( 20 ) 

when the summation is approximated by an integration. The error intro- 
duced by this approximation is inappreciable, except at very low tempera- 
tures or high pressures. Even for the extreme case of hydrogen molecules 
at 1®K. enclosed in a box of cm. (neglecting molecular interaction as 
jve have done), the error made is only 1 in 10® in / (32). 
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The energy levels for the harmonic oscillator arc Cn = (n + l/2)hvy 
and the partition function for a single oscillator of this type is 

exp(— /ir/AT)]“^ 


A = [1 

The rigid linear rotator has energy levels, 




^ hKi){i + 1 ) 




; - 0 , 1 , 2 , 


( 21 ) 


( 22 ) 


each energy level being (2j + l)-fold degenerate, and the corresponding 
partition function Is closely approximated by 

/« = SrlkT/ah^ (23) 

Here I is the moment of inertia, and a is the symmetry number. For a 
diatomic molecule composed of two like atoms, a is equal to 2. The 
quantum mechanics of the three-dimensional rotator with three unequal 
moments of inertia has not been completely solved, but the classical inte- 
gration over phase space (a procedure exactly analogous to taking the 
sum (4), except that the energy levels are considered to be continuous 
rather than discrete) yields 

fa = S7r\SirWABCy^yah^ (24) 

where -4, B, and C are the three principal moments of inertia. 

The division of the complete partition function into factors corresponding 
to translational, rotational, and vibrational terms is valid only in case 
there is no interaction between these various degrees of freedom. In that 
case the energy levels can be expressed as sums of terms, and the partition 
function corresponding to each degree of freedom can be factored out. In 
making computations of the thermodynamic properties of gases from 
spectroscopic data, interaction terms between rotational and vibrational 
energy levels are often included. 


B. Classical integration over phase space 

It will be useful at this point to inquire into the relationship of the above 
formulae to those obtained by the use of classical statistics. 

The classical analog of the quantum-mechanical sum of states is de- 
fined by 

/ = dA") ///••••/// exp(— H/fcr)dpi dp«, dgi dg» (25) 

where the integration is to be taken over the whole of momentum codrdi- 
nate phase space and H is the classical Hamiltonian, defined by 

H = T +V 


( 26 ) 
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where T is the kinetic energy, and V is the potential energy of the assembly. 
For a single particle, T is given by 

T = {1/2W = (l/2m)(pj + pI + pI) (27) 

Va, Vv y p, being the momenta along the three axes. 

For a free particle, V is equal to zero, and equation 25 becomes 

/ = (1/A*) [ f f lexp(-l/2mkT)>(pl + pi + pl)]dp^dpydp, 

J—on J--90 J—va 

dxdydz (28) 

fr - i27rmkT/hyW (29) 

since the volume V is given by the product IJyl , . 

The classical partition function for the one-dimensional simple harmonic 
oscillator may be obtained from equation 25 by direct integration, re- 
calling that 

H = (l/2m){pl) + (l/2)*x* (30) 

and that the frequency, j', is related to the force constant, /c, by the 
equation, 

. = {l/2r){K/mf‘ (31) 

The expression obtained for the partition function, 

/, = kT/hv (32) 

may also be obtained from equation 21 by expanding the exponential in 
powers of hv/kT and dropping all but the first two terms. Equation 32 is 
thus seen to be a good approximation only if hvfkT is small. 

The classical partition function for the two-dimensional rigid rotator is 
the same as that already obtained (equation 23) by replacing the summa- 
tion over states by an integration. 

II. THEORY OF ABSOLUTE REACTION RATES 

A. PoientiaUenergy surfaces {22 ^ 21^^ JtS^ 44) 

The statistical treatment of reaction rates involves the concept of a 
potential-energy surface giving the potential energy of the reacting mole- 
cules as a function of their position, orientation, and interatomic distances. 
Such surfaces giving the potential energy at every point in configuration 
space arc generally drawn as contour graphs, each line on the graph being 
a line of equal potential energy, called an equipotential line. If a complete 
Aurface is considered, extending all the way from the stable reactants to 



308 


J. F. KINCAID, H. EYRING AND A. E. STEARN 


the Htable products, it will be seen that there is an “easiest reaction path'' 
betw(H‘n th(.‘ two, i.(‘ , a path drawn such that the potential energy at all 
points along the liiu' increases in a direction at right angles to the line. 
The vc'loeity with which the n^action proceeds depends on the temperature, 
on the difT(‘rence in (‘iH^rgv between the initial state and the point of 
highest (*nergy on the easiest reaction path, and on other factors which are 
discuss('d b(;low. Most of the thousands of compounds which are known 
are tiK'rmodynamically unstable^ their apparent stability depends on the 
height of the easi(\st path that separates th(un from their more stable 
reaction products. On tlu' basis of this picture, the existence of thermo- 
dynamically unstal:)le compounds and their reaction to form more stable 
products is (^asy to understand. The compounds correspond to potential 
energy valleys sf^parated from their possible reaction products by passes 
which have pohmtial (‘iiergy mountains on either side. 

In geiKTal, 3a coordinates are required to describe the system of n 
atoms that are taking part in the reaction. But since the position of the 
center of gravity of the system is irrelevant, and since the potential energy 
of the system is practically independent of the rotation of the complex as a 
whole, the number of coordinates required to define the potential-energy 
function and tlu* esseuitial details of the relative motion reduces to 3;^ — 6 
or 3n — 5, depending on whether the configuration is non-linear or linear. 

Such a surface is illustrated in figure 1 for a simple three-atom reaction, 
the exchange of hydrogen for hydrogen in the para-hydrogen molecule to 
form an ortho-hydrogen molecule and a hydrogen atom. The surface 
is drawn for a linear triatomic molecule and should thus require 
3 X 3 5 = 4 coordinates. However, this is reduced to two if the two 

degrees of freedom C()rr(‘sponding to bending vibrations are excluded. The 
axes are inclined at an angle of 60° to each other in order that the repre- 
sentation of the potential energies of various configurations of the system 
of three atoms will have exactly the same variation of its coordinates 
with time as a single point moving in the potential field with the inclined 
axes would have. Stated in another wa.y, the particular manner of con- 
struction that is used eliminates cross terms from the potential function. 
The method of determining the effective mass of the single particle and 
the correct inclination of the axes to each other has been given by Wigner. 
The result® is quoted by Eyring and Polanyi (22). 

In terms of this surface the reaction is pictured as taking place as follows: 
As the hydrogen atom approaches the molecule of para-hydrogen, the 
bond between the hydrogen atoms weakens, and at the top of the easiest 
pass the configuration of lowest energy is one in which the three atoms 

* Because of an error in sign, the angle between the axes was originally given as 
120® rather than 60®. 
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are arranged in a linear manner with the distances between neighboring 
atoms slightly greater than the distance in the normal hydrogen molecule. 
The potential energy is seen to become greater as the reactants approach 
each other, reaching a maximum value at two points where the configura- 
tion is intermediate between that of the reactants and products, and be- 
coming less again as the products are formed. The point of highest energy 
on the easiest path from reactants to products is known as the activated 
state, and the configuration of the atoms at this point is called the activated 
complex. Owing to the symmetry of the reaction we are discussing here, 



there are two symmetrical saddle points along the easiest path which are 
separated by a potential-energy basin. The presence of two saddle points 
along the easiest path is of importance in treating the transmission coeffi- 
cient K, which will be discussed in the next section. 

The irrvportant point is that the properties of an activated complex are fust 
those of an ordinary molecule except in the one degree of freedom along the 
easiest pathy i.e., normal to the harrier. This becomes clear when it is re- 
called that by definition the activated complex is the configuration corre- 
sponding to the highest point (or points) along the easiest reaction path. 
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Thus the system is in stable equilibrium with respect to small displace- 
ments in every direction except the one normal to the barrier. The theory 
of small vibrations leads to a set of frequencies in exactly the same way 
as for an ordinary molecule, except that the square of the frequency for 
the degree of freedom normal to the barrier comes out with a negative 
instead of a positive sign, and hence from equation 31 it has a negative 
force constant. Figure 2 shows the normal modes of vibration for a sym- 
metrical linear triatomic molecule. The one marked A has the negative 
force constant, the force constants for the normal modes B, C, and D 
being positive. The frequencies C and D are equal and correspond to a 
bending vibration in planes perpendicular to each other. 

The mechanism described here for the reaction of H + H 2 (para) has 
the same general features as that of any other chemical reaction having 
an activation energy. There is always an easiest reaction path between 
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Fig. 2. Normal modes for a linear symmetrical triatomic molecule 

reactants and products, and one or more saddle points along that path. 
The configuration at the highest saddle point is called the activated com- 
plex, which hjis the characteristics discussed above. Of course, the actual 
reaction paths will have a Boltzmann distribution about the casieM reaction 
path, and all these paths are included with their proper weight in the 
treatment of reaction rates by the ordinary statistical mechanical methods. 
Further, any rate process can be treated by the same general method. 
We now go on to develop the general equations which are applicable to 
any rate process. 

B. Statistical formulation of reaction rate equations* 

Equations giving the absolute rate of any rate process taking place on a 
single potential-energy surface may now be formulated in a perfectly 

* The formulation that we shall use is essentially the same as that given by E 3 rr- 
ing (18). See, also, Pelzer and Wigner (51) for a treatment of reactions involving 
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general way as follows: The rate of reaction is given by the concentration 
of activated complexes, multiplied by the rate at which they decompose 
to form the reaction products. In general, the rate of reaction will be less 
than the rate of formation of activated complexes, since some of the 
activated complexes will return to the initial configuration without reacting. 
This can be expected to be the case in those very common instances where 
the easiest reaction path has two saddle points with a high-level basin 
lying between them. When there is no such high-level basin, the rate of 
reaction is simply the rate at which activated complexes reach the pass in 
such a direction that (regarded as classical particles) they can pass over 
and through it. When there is such a basin, the reaction rate is the rate 



Fig. 3. The vibrational trajectory for linear H|, indicated by the line with arrows, 
was computed by employing the classical equations of motion (29). 


at which activated particles pass into it, multiplied by the probability 
that the exit will be in a direction corresponding to reaction. This proba- 

three atoms and Wigner (68) for a treatment of leakage and a quantum-mechanical 
extension of the earlier treatment. For the treatment from the quasi-thermody- 
namic point of view, see the papers of Evans and i^olanyi (13) and Wynne-Jones 
and Eyring (71). A much earlier and interesting formulation of reaction rates by 
Marcelen (46) necessarily lacked the concept of the crossing of a potential barrier in 
configuration space which the London formulation suggested (44) and which led 
Eyring and Polanyi (22) to formulate explicitly the problem as the motion of a par- 
t^le on a suitably constructed potential -energy surface. Further quantum-mechan- 
ical corrections are carefully considered in a recent article by Hirschfelder and 
Wigner (31) and are found to be, in general, small. 
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bility, called the transmission coefficient, is given the symbol k. Figure 3 
shows a trajectory of a particle following a linear vibrational distortion 
given it after it has passed the activated point into the high-level basin. 
The randomness of the path, combined with the fact that in this case the 
entry and exit are symmetrical, leads us to the conclusion that in this 
case K must be very nearly equal to one-half. In other more complex 
cases the value of k cannot be predicted exactly, but there is reason to 
believe that its value will generally not depart greatly from unity for the 
adiabatic reactions considered here.® Another effect that may contribute 
to the rate is that of tunneling through the barrier, i.e., the reaction of 
molecules which do not possess the requisite energy. This effect has been 
considered by Wigiier (31, 51, 68) and by Eckart (10). The correction 
tcmi thus introduced is small for barriers of small curvature, but may 
become of importance for very thin barriers. 

Then to the approximation that tunneling may be neglected, we may 
write; for the specific reaction rate constant: 

k == KK^plm* (33) 

where m* is the reduced mass of the activated complex, p/m* is its average 

velocity in the forward direction along the reaction path, and K* is the 
equilibrium constant between activated complexes and reactants expressed 
in concentration units, per unit of length along the reaction path and per 
unit of volume, respectively. K* may be written in terms of the partition 
functions of the activated complex and of the reactants. The expression 
for k then becomes: 

k - K{F*/Fn)iP/m*) (34) 

or 

k = K{F*/Fn){p/m*) oxp{-Eo/RT) (35) 

where F* is the partition function of the activated complex, and Fn repre- 
sents that of the reactant molecules. 

In equations 34 and 35 the F^h represent partition functions with the 
volumes divided out. Equation 34 differs from equation 35 only in that 
in the former the energy levels for both F* and Fn must be referred to a 
common zero, while the latter refers the energy levels to the lowest state 
of the molecule to which the partition function applies. These equations 
are applicable to reactions in any phase. However, the partition func- 

• The term ‘‘adiabatic” is used here in Ehrenfest^s sense to mean a reaction that 
takes place on a single potential surface in configuration space. Cases of reactions 
involving the transition of the system from one surface to another can also be treated 
by special methods. See Steam and Eyring (62) and Evans, Eyring, and Kin- 
caid (12). 
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tions vary with the phase in question. The equilibrium constant between 
reactants and the activated complex and therefore the rates in the liquid 
phase may be readily obtained from the corresponding expressions in the 
gas if vapor pressures are known. This is, of course, true of all equilibrium 
constants, and the calculations of the change of reaction rates and of 
equilibrium constants on taking systems from the gaseous to the liquid 
phase should ultimately be the most important chemical application of 
theories of liquids and solutions. 

The average velocity, p/m*, with which the activated configuration 
travels over the barrier may be regarded as a pure translation for suffi- 
ciently flat surfaces, and its value is given in the usual way by the ex- 
pression : 





kT 

(27rm*A;T)i/2 


However, the partition function for the activated complex per unit 
length along the reaction path contains the term {2irm*kT so that 
the product of this term and p/m* equals kT/h, We then write as our 
final equation for k: 

k = K(kT/h)(F^/Fn) exp(-E,/RT) (37) 

where Eo is the energy of activation at the absolute zero and F^ is the 
partition function for the activated complex, taking the partition function 
for the degree of freedom in which the molecule is decomposing as equal 
to unity instead of {2vmkT /ft , It may be noted that F^ is formally 
the same as the partition function of a molecule exactly like the activated 
complex, with the degree of freedom normal to the barrier being a vibration 
sufficiently stiff for its partition function to reduce to unity. This idealized 
activated complex is a convenient concept for defining the free energy and 
entropy of activation in the usual way in terms of equilibrium constants. 
Thus, 

^F^^-RT\nK^ (38) 

and 

= AH* - TA.S* (39) 


Using relations 38 and 39, the equation for k may be written in the equiva- 
lent forms. 


I 


k - {KkT/h) exp(-AF*/i?T) 
k = {KkT/h) exp(~AH*/flT) exp(ASV^) 


(40) 

(41) 
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These equations are not limited to the gaseous phase and may be applied 
to any rate process if the free energy of activation is known from any 
source. 

A point of view wtiich is less useful than that employed above, but which 
may aid in giving one an intuitive feeling for the significance of the factor 
kT/h in equations 37 to 41, is the following: The degree of freedom in 
which the d(»composition is occurring has been regarded as a translation, 
but it may equally well be considered as a vibration. In this case the 
classical partition funcition is kT/hv^. But the rate at which the decom- 
position is taking place must be equal to v*, the frequency of vibration 
along the coordinate normal to the barrier, since the force constant for 
this vibration is negative. That is, every vibration loads to decomposi- 
tion. The product of kT jhv^ and then gives kT jh as before. 

In the use of equation 37 it should be emphasized that the partition 
functions contain all the energy levels which contribute at the temperature 
involved, i.c., excited electronic states should be included if they are not 
sufficiently high to be neglected. 

C. Kinetic theory equations 

Some of the simplest applications of the theory of absolute reaction rates 
are to be found in the derivation of ordinary kinetic theory formulae. 
The equations which are derived are, of course, identical with those secured 
by the ordinary methods, but the derivations are often simpler and clearly 
bring out the approximations which are made. 

The rate at which molecules at a pressure P and temperature T strike 
a square centimeter of surface is found as follows: The activation energy 
for this process is equal to zero, and the activated complex is a molecule 
just breaking away from the wall with two degrees of translational free- 
dom besides the one in which decomposition is occurring, k is unity for 
such a process, and there is no possibility of leakage through a barrier, so 
that equation 37 reduces to 

_ {kTm2^m*kT/h^)FlFl . . 

(2wmkT/¥yi^FaF, ^ ^ 

where Fr and Fy are rotational and vibrational partition functions, respec- 
tively. Since m*, Fj , and Fl are the same for the activated complex as 
for the normal molecule, equation 42 may be simplified by cancellation 
to give 

k = ikT/2'rmy'^ (43) 

The rate is given by the product, nk, where n is the number of molecules 
per cubic centimeter, so that equation 43 reduces to 

Rate = nk = nkT / {2^rmkTy'^ = P/(2irmA:r)‘" 


(44) 



THEORY OF ABSOLUTE REACTION RATES 


315 


Another illustration which may be given is the calculation of the number 
of collisions between molecules in the gas phase. Consider first the case 
of the rate of collision between unlike molecules. In order to arrive at 
the conventional formula it is necessary to assume either that the colliding 
molecules are monatomic and hence have no rotational terms in their 
partition functions or that the rotations in the normal state are the same 
as those in the activated complex. The activated complex can be taken 
as the system of two molecules just breaking away from each other. We 
have thus: 

F‘ = (27r(w!i + m)kT/hy'^8n^IkT/h^ (45) 

and 

Fn = {2wmikT/hY\2wrmkT/hy" (46) 

and for the rate of collision, Zi,2, 

IcTF^ 

Zi,2 = ninjk = nins (47) 

fir ft 


On substituting equations 45 and 46 into equation 47 and simplifying 
we arrive at 


Zl,2 = 


2mm{2itkT)^'W,2 


,,1/2 


(48) 


where /x is the reduced mass defined by /x = and 0*1,2 is 

the usual collision diameter. The collision diameter enters into the expres- 
sion from the definition, 1 — )uo‘i,2 • 

As a final illustration wc give a derivation of the formula giving the 
number of collisions between unlike molecules having a relative velocity 
greater than a certain value. Consider the motion of two molecules of 
masses mi and m2 having velocities along their line of centers $1 and 52, 
respectively. Then the relative velocity, is defined by 


Q = gi $2 

The kinetic energy and momentum are given by 
T = il/2)mifi + (l/2)mj3l 

and 

P - 


(49) 

(60) 

(51) 


Since the motion of the center of gravity of the system may be taken 
e^qual to zero, we have 


{[1 = 


(52) 
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a relation which may be combined with equations 49 and 50 to give an 
expression for T in terms of 0- 

T = (1/2)m0“ (53) 

Since this is the general expression for the kmetic energy relative to the 
lin(‘ of C(a iters, it must also be true at the point of collision. The rate 
expression may now be w^ritten 

^ _ nM2Tr{mi + m^)kT IhT . 

" (2T:mJcT lh^yf\2w^^ ~ 

wh(‘re p /m* is now not th(' over-all average velocity normal to the barrier, 
but the averag(‘ velo(;ity in the range of velocities we are considering. 
This value may be* obtained by a procedure exactly analogous to that used 
in equation 30, except that the lower limit of integration is taken to be the 
minimum momentum Po instead of zero. This procedure gives 

p/m^ = kTI(2Trm^krf'^ exp(-PS/27n*^•^) (55) 

Combining these last two expressions, we have 

^1.2 = 2nM2rkT/^f^ exp{-^0''/2kT) (56) 

if we remember that in this case m* = g. 

It is interesting to note that if the term exp( — /2kT) had been 
regarded as an activation energy, we would have written down the ex- 
pression 56 directly from the theory of absolute reaction rates. While the 
usual kinetic theory derivations of rate processes and those obtained by 
using the activated complex theory are interchangeable for simple atoms, 
only the latter theory is adequate for treating complicated molecules. 

III. EQUATIONS FOR VISCOSITY AND DIFFUSION (19) 

In this section we shall develop the formal equations for viscosity and 
diffusion, based on the following mechanism: Viscous flow is assumed to 
take place by the activated jumping of an aggregate composed of one or 
more molecules from an initial normal configuration to a second normal 
configuration. In common with chemical reactions, normal configura- 
tions are assumed to be separated by an intermediate, activated state 
corresponding to the activated complex. It is thus possible to use all the 
machinery developed in the preceding sections for the treatment of vis- 
cosity and diffusion. The magnitude of the free energy of activation and 
the exact mechanism for fiow^ will be treated in section IV. In this section 
w^e shall only assume that the mechanism is such that the theory of abso- 
lute reaction rates is applicable. 
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The perpendicular distance between two neighboring aggregates sliding 
past each other is taken as Xi . The average distance between equilibrium 
positions in the direction of motion is taken as X, while the distance be- 
tween neighboring aggregates in this same direction is X2 , which may or 
may or may not be equal to X. The distance between aggregates in the 
plane normal to the direction of motion is written as Xa . By definition 
we have for the viscosity, 

1? = /Xi/At; (57) 

where / is the force per square centimeter tending to displace one layer 
with respect to the other, and Av is the difference in velocity of these two 
layers which are a distance Xt apart. Now the process of diffusion is con- 
tinually taking place, with or without an applied force tending to cause 
viscous flow. The application of such a force simply tends to make a 
preferred direction in which the molecules move On the basis of this 
picture, the velocity Av between two successive flow layers is simply the 
difference between the reaction rate in the direction of flow and in the 
opposite direction multiplied by the average distance it moves at each 
reaction. The general equation giving the rate of any reaction which has 
been modified by some external agency may be written: 

k' = (kT/h) expi-AF^RT - AF^'/RT) (58) 

Here AF*' is the contribution made by external agency to the free energy 
of activation, and k has been set equal to unity. The magnitude of AF^' 
caused by the applied force may be evaluated in this case as follows: The 
for(*,e acting on a single aggregate is /X2X8 , and it acts to lessen the work 
of passing over the barrier through the distance X/2. That this distance 
is just X/2 follows from the reasonable assumption that the activated 
complex is a configuration just half way between the initial and final 
states. Thus the applied force tends to lessen the free energy of activation 
in the forward direction by an amount /X2X3X/2, while in the backward 
direction it is raised by the same amount. If the reaction rate constant 
in the forward direction be denoted by k/ and that in the backward direc- 
tion by kfc, we have 

k/ = (kT/h) exp{-AF^/RT + NfXiSzkmT) = k exp(/A2XjX/2A:7’) (59) 
and 

k» = (kT/h) exp{-AF^/RT - NfM\sK/ 2 RT) = k exp(/X2XsX/2Ar) (60) 

Here k is the specific reaction rate constant giving the number of times 
per second that an aggregate will jump in the direction of flow when no 
fdree is applied, and AF^ is the corresponding free energy of activation. 
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Now At; for each aggregate is also At; for the layer as a whole. Thus the 
relative rate of displacement of neighboring layers is 

At; = Xk [cxp(/X2X3X/2A:7') — cxp(—/X2X3X/2A:r)] (61) 

or 

Av = 2Xk sinh {f\2\z>^/2kT) 

The viscosity then is given by 

17 = Ai/2Xk sinh {f\ 2 \^\/ 2 kT) (62) 

Since for the forces ordinarily employed in the measurement of vis- 
cosity, f\ 2 Kz\/ 2 kT <K 1, the exponentials in equation 62 may be expanded 
and higher powers dropped, leaving 

r, = (63) 

or 

j) = (hXi/xXx,) exp (AF^/RT) (64) 

The formula for the diffusion of one liquid into another when they form 
perfect solutions is very simply derived as follows: Assume that the con- 
centration gradient is in the X direction and is equal to dCi/dX and, fur- 
ther, that the distance between two successive potential-energy minima 
for the diffusing aggregate is X. Then if the concentration at one minimum 
is Cl, that at the next minimum in the positive direction is (Ci + X dCi/dX), 
Now the number of molecules passing through the F,Z plane per square 
centimeter in the positive X direction is iVXkCi and in the reverse direc- 
tion is iVkX(Ci + \dCi/dX). The excess proceeding in the negative X 
direction is N\\ dCi/dX, which must be equal to DN dCi/dX from the 
definition of the diffusion coefficient, D. Thus D is 

D = X"k (65) 

In the case of self-diffusion, k and X“ may be eliminated from equations 
63 and 65 to give 

nD = /CTX1/X2X3 ( 66 ) 

Equation 66 holds for perfect solutions whenever the mechanisms for 
viscous flow and diffusion are the same. In securing a similar relation for 
the diffusion of one liquid into another it must be remembered that neither 
k nor X^ is necessarily the same for the diffusing molecule as for the solvent. 
Designating the molecular species which is acting as the medium by the 
subscript m and the diffusing species by D, we have 

r,D = A:niX|,ki>/X%X3k„ 

= *7’(X,/X*X,)(x!>AI) exp (AF*. - Afl,) 


(67) 

( 68 ) 
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This equation, which applies when the solvent and solute molecules 
are of very nearly the same size, is to be compared to the well-known 
Stokes-Einstein diffusion equation, 

D = kT/Qwr (69) 

which is applicable when the diffusing molecule is so large compared to 
the molecules of the medium in which it is diffusing that by comparison 
the medium may be thought of as a continuum. Here r is the radius of 
the diffusing molecule, considered to be sphencal. Appropriate variants 
have been obtained by Steam and Eyring (61) and by Powell, Roseveare, 
and Eyring (52) for treating imperfect solutions. 11 we picture a solute, 
partitioned at equilibrium between two different solvents, it is clear that 



Fig. 4. Potential barrier for diffusion process in non-ideal solution 


there is no net diffusion across the interface. Hence it is the activity, and 
not the concentration, which is the driving force in diffusion. 

Consider a unimolecular mechanism by which a diffusing molecule passes 
over a potential barrier as shown in figure 4, with concentrations and 
activities as illustrated. The general rate equation (40) will be modified to 

k = (kT/h) exp i—AF*/RT)(yJy*) = k®(7n/7’) (70) 


where the 7 ’s are activity coefficients. 

The net diffusion rate will then be the difference between the forward 
and backward rates of transport, 


* 


Ratenet = CiXk® 


1 

yi dx 



.^‘)xk® — 

dx/ , . 


A ^ 

yi dx 


, ^ dyi 
dx 


7i 


(71) 
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which, upon simplifying, becomes 

IUl.„.-fx=k'[l+^J (72) 

Since the diffusion constant is defined by 

RatCnet ~ 1 

ax 

we have 

If the molal volumes of the solute and solvent molecules, Vi and Fj, 
are not too different, equation 73 may be put in the form 

D = X*k“ (74) 

d IniVi 


In writing equation 74 for equation 73, a small correction factor, 

7-., (.-!;) 

due to changing from concentration units to mole fraction, is neglected. 
This factor reduces to unity for Vi = Fi , and even, in general, since it is 
a linear function of mole fraction, it will simply be absorbed into the cor- 
responding values of For systems such that AF^ for viscous flow is 
the same as AF^ for diffusion, we would have 


vD 


Xi .rp d In Oi 
X 2 X 3 dlniVi 


(75) 


IV. THE FKEE ENERGY OF ACTIVATION FOR VISCOUS FLOW 

In this section an attempt will be made to identify the quantities oc- 
curring in equation 04 with properties characteristic of the liquid to which 
it is being applied. To do this we shall employ the theorem, “The amount 
of energy required to make a hole in the liquid the size of a molecule is 
equal to the energy of vaporization^^ (19), This theorem is easily derived 
as follows: Suppose we have N molecules forming a liquid. Then each 
of them is bound to the others by bonds adding up to the total energy 

E ='£nj:, 

t 

where is the number of bonds of a particular kind, each of which has 
the bond strength . To vaporize the N molecules requires an energy 



THEORY OF ABSOLUTE REACTION RATES 


S21 


of NE/2, since each bond belongs to two molecules. Therefore to vaporise 
a single molecule requires the energy E/2, providing no hole is left in 
the liquid. However, if v/e vaporize one molecule leaving the hole, we 
must supply exactly the energy E. If we then return this gas molecule 
to the liquid we get back the energy E/2, so that it requires rigorously 
the same energy E/2 to make a hole in a liquid of a size which will just 
accommodate a single molecule as it does to vaporize one molecule without 
leaving a hole. Clearly a large hole will require more energy for its for- 
mation than a small one, but the energy of formation of a hole need not, 
and in general will not, be strictly proportional to the size of the hole. 
This is illustrated by the effect of pressure on viscosity discussed in a 
later section. 

In relating the quantities occurring in equation 64 with properties of the 
liquid, the first thing to decide is whether the flow aggregate is a single 
molecule or a group of molecules. In making the decision as to which is 
the more probable mechanism, a guiding principle that applies to all rate 
processes must be kept in mind: viz,, any rate process proceeds by all 
possible mechanisms and therefore chiefly by the fastest ones. If different 
possible mechanisms do not involve greatly varying values of the contribu- 
tion of the entropy of activation to the free energy of activation, then 
the fastest process will be the one with the smallest energy of activation. 
Now a molecule can flow only if there is a hole in the liquid for it to flow 
into, and thus the difference in energy between the activated and normal 
states is chiefly due to the extra volume required by the activated state. 
Hence the most probable mechanism is one that requires the smallest 
amount of extra volume for the process to take place. Clearly, this con- 
dition will be most nearly satisfied by a mechanism involving only one or 
two molecules. Figure 5 illustrates one suggested mechanism by means 
of which one molecule could move past another. The figure illustrates 
the instantaneous formation of a double molecule which then rotates 
through an arc of about 90°. The initial position of the molecules is 
illustrated by the dotted lines, and after rotation they occupy the position 
indicated by the heavy black circles. 

This mechanism identifies the X^s of the flow aggregate with the dimen- 
sions of a single molecule. If, further, the distance between successive 
minima, X, is identified with Xi, the perpendicular distance between ad- 
jacent layers of molecules, then the product X1X2X3, in the denominator 
of equation 64, is just equal to V/Nj where V is the molal volume of the 
liquid. 

Equation 64 may then be written, 

n = (hN/V) exp(AF^/RT) (76) 
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There remains the problem of deciding the method for determining the 
free energy of activation for viscous flow. This may be estimated as some 
fraction of the frce-cnergy change of an analogous reaction. Powell, 
Rosevcaro, and Eyring (52) base their choice of the analogous reaction on 
the following model of the unit flow process: An individual molecule oc- 
casionally acquires the activation energy necessary to squeeze past its 



Fig. 6 . Viscous flow by means of double molecules as illustrated by Hirschf elder, 
Stevenson, and Eyring (30). Two molecules collide to form a double molecule. If 
there is sufficient space available, this double molecule can rotate and then dissociate. 
One layer of liquid can flow past another by a succession of these processes. 

neighbors into the next equilibrium position. The bonds which must be 
broken are the same bonds that would be broken in the process of vaporiza- 
tion. However, the work of expansion to the vapor state will not be 
needed, and the entropy of this expansion will not be available. Thus 
we may expect AF* to be correlated with 

AFvap ■!" jTASvap — RT ~ AHvap — FT = AFrap 
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In figure 6, AF^ for viscous flow has been plotted against AE^^p for ninety- 
three inorganic and organic liquids at their boiling points. The points 
fall along a straight line which passes through the origin, and has a slope 
1/2.45. Equation 76 can then be written 

rj = Nh/V exp(Aj&vap/2.45i2T) (77) 

When AII^ is plotted against AEvap, the results for normal liquids are 
about as good as for AF^, but hydrogen-bonded liquids involve large devia- 
tions in the direction of high activation energies. These abnormal activa- 
tion energies are in large measure compensated by abnormal entropies of 



Fig. 6. The squares represent “permanent gases,” the triangles represent hydro- 
gen-bonded liquids, and the circles represent the other liquids. 


activation. This compensation is a common phenomenon for both rate 
and equilibrium processes. 

It is of interest to examine other proposed equations which, in general, 
permit prediction of viscosity to within a factor of 2 to 3. We first recall 
that AF^ includes one more degree of freedom for the normal than for the 
activated state. The degree of freedom corresponding to decomposition 
of the activated complex is omitted from AF^, being included in the fre- 
quency kT/h, If classical statistics is applicable, there is no difference in 
the parts of the partition functions depending on kinetic energy for the 
normal and for the activated state. This may be seen by inspection of 
eqjiations 25 and 26 if it is recalled that in classical mechanics the kinetic 
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energy, is independent of the potential field to which the system is 
confined. If we then make the approximation that the partition function 
for the liquid as a whole is obtainable from the partition function for an 
average molecule moving in the field of its neighbors, we have: 

/ = (2wmkT/hy^j j j exp(-V/RT)dxdy6^ (78) 

= (2irmkT/hY^Vf 

where V is the potential due to the x)resence of neighbors and 

4- in exp( — V /RT) dx dy dz 

is the free volume. Only translational degrees of freedom are considered 
in equation 78. Since the extra degree of freedom in the normal molecules 
is a translation, we have, from equations 76 and 78, 

(hNA/V){2rm*kT/hYV/’‘exp{AF'/RT) (79) 

Here AF' includes all contributions to the free energy of activation for vis- 
cous flow other than those involving the degree of freedom in which de- 
composition is occurring. 

Equation 79 contains two unknown quantities, V/ and AF\ The free 
volume plays an important r61e in many properties of liquids other than 
the viscosity, and a discussion of its evaluation is given below. AF' may 
be divided into the energy of activation for viscous flow, AEvin , and an 
entropy of activation. Since a molecule cannot flow unless there exists 
a cavity for it to flow into, AjFvu is due chiefly to the energy of forming 
a hole in the liquid. It is thus closely related to the energy of vaporiza- 
tion, a relationship which has already been discussed. By comparison 
with experiment it is found that the entropy term in AF' is small and 
may to a good approximation be set equal to zero. 

V. FREE VOLUMES OF MOLECULES IN LIQUIDS 
A . Free volumes from the energy-volume coefficient 

In order to obtain values of the free volume, r/, to use in equation 79, 
it is necessary to consider certain simple models for liquids. One simple 
model that has been used is that employed by Eyring and Hirschfelder 
(21). It is assumed that the potential energy does not change as the mole- 
cule moves from its equilibrium position until it collides with its neighbors. 
At this point the potential energy goes to infinity. The molecule thus 
moves in a potential box with a flat bottom and straight sides, the size of 
the box being governed by the total volume and the size and packing of 
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the molecules. If, further, the rotational motion of the molecules is not 
changed on changing the volume of the liquid or on vaporisation, a term 
for it need not be included in the partition function for the liquid in con- 
sidering the vapor pressure or the equation of state. The same thing may 
be said for the degrees of freedom corresponding to internal vibrations. 

The mathematical statement of this picture is as follows: If is the 
partition function for the liquid, it may be written 

f = [{2irmkt/hy\vf)f exp(ASc/R) exp(-AJ5vap/ftT) (80) 

where ASc would be equal to zero if the fimction were like that for a 
solid and would equal R if it were like that for a gas. Hirschfelder, 
Stevenson, and Eyring (30) considered that ASc should approach the limit- 
ing value R and called it communal entropy. Lennard- Jones and Deven- 
shirc (40) and Monroe and Kirkwood (47) have more recently estimated 
this extra randomness of liquids over that for solids. Lennard-Jones and 
Devonshire assumed that it arose from a random distribution between 
lattice positions present in the solid and new lattice positions which ac- 
companied the increase in volume during melting and subsequently. Later 
in this paper we shall have more to say about the nature of ASe. To the 
approximation employed here, the energy of vaporization, A£vap, is just 
the difference in potential energy between the liquid and gas. This follows 
because the kinetic-energy terms are the same for both phases, and it is 
assumed that no potential-energy terms are associated with cither the rota- 
tion of the molecules or with their oscillation about their equilibrium posi- 
tions. V/ is the size of the box in which the geometrical center of the 
molecule can move without change in potential energy. 

In order to determine a/, suppose that the molecules in the liquid are 
arranged in a simple cubic lattice and that each molecule, on the average, 
can move until it touches its neighbors when they are in their mean posi- 
tions. Then if d is the incompressible diameter of each molecule, we have 
from figure 7 that 2(V/Ny'^ — 2d is the distance that the central molecule 
is free to move along each axis, v/ is then this quantity cubed,® i.e., 

= S[(V/Nf^ - df (81) 

The equation of state is obtained by differentiation of In/^ with respect 
to the volume and multiplication by kT, 

We have from equations 13, 18, and 80, 

P = ^kT{d ]nf/dV)T == RT(d hi Vf/dV)r ~ (dA£vap/d F)r (82) 

• It will sometimes be convenient to use the quantity Nv/ » V/. Similarly, we 
sjiall use V — V/N to indicate the volume per molecule. 
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From equation 81 

{d In Vf/dV)T = (V - iV*'’ = 2/V^'^Vy’‘ (83) 

On combining equations 82 and 83 we arrive at 

[P + (aA£v.p/a7)r]F''Y)'’ = 2RT (84) 

an equation which relates the free volume to known properties of the liquid. 
In employing equation 84 it must be remembered that the quantity 
(dAjE'vap/^F)r is, in general, not known and must be estimated. A closely 
related quantity is (dE/dV)Ti but this is also frequently unknown. The 
difficulty is resolved with the aid of the generalization, pointed out by 
Hildebrand (28), that (dE/dV)T is very nearly equal to A£vap/F at low 
pressures for a large number of cases. Water and other hydrogen-bonded 
liquids, liquid metals, and all liquids at high pressures have values of 
(dE/dV)T which are less than AJ?vap/F. Free volumes computed from 



Fig. 7. The relationship between the free and the total volume 
vy* » - 2d 


equation 84 agree well with those obtained by other methods, which are 
discussed below. Further considerations similar to those discussed above 
lead to reasonable agreement with experiment for expansion coefficients 
and compresibilities of liquids, as well as to a derivation of Trouton^s and 
Hildebrand’s rules (21). 

B, Free volumes from velocity of sound 

It has been found possible to modify certain kinetic theory formulae for 
gases in such a way as to make them applicable to liquids (37). The point 
of view employed is to treat the molecule moving in its free volume in 
the liquid as equivalent to the molecule moving in the total volume in the 
gas phase. 

The velocity of sound, w, in any homogeneous medium is given by the 
general hydrodynamic formula: 

U = (F/^.)‘'“ 


(85) 
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where v is the specific volume and fig is the adiabatic compressibility de- 
fined by 

ft s ^(i/V)(dV/dP)g 

For the special case of an ideal gas, equation 85 becomes 

u = (RTy/Mf^ (86) 

where y is the ratio of the specific heat at constant pressure to that at con- 
stant volume, and M is the molecular weight of the gas. 

Equation 86 may be compared to that for c, the average kinetic theory 
velocity of the molecules. 

g = (SKT/rMy^ (87) 

It is seen that u is proportional to c but is slightly smaller, since the factor 
(8/x)^^^ is always greater than y^^^. This is what one might suppose, 
since a wave propagated by matter would hardly be expected to travel 



Fig. 8. Illustration of the mechanism which explains the observation that the 
velocity of sound in liquids is greater than the kinetic theory velocity of the mole- 
cules. 

faster than the molecules which carry it. However, when the velocity 
of sound in liquids is compared to the kinetic theory velocity of the mole- 
cules, it is found that u for most liquids is greater than c by factors ranging 
from 5 to 10. For example, for benzene at 25®C., c is 2.83 X 10^ u (gas) 
is 1.88 X 10\ while u (liquid) is 13.0 X 10^ cm. per second. Figure 8 illus- 
trates the mechanism responsible for the fact that the velocity of sound in 
liquids can be so much greater than the kinetic theory velocity of the 
molecules. The wave front is assumed to travel from the edge of molecule 
A to the adjacent edge of molecule B with the velocity given by equation 
86. As A collides with B, however, the signal is transmitted almost in- 
stantaneously to the opposite edge of molecule B. 

This follows from the fact that sound waves arc longitudinal, or com- 
pression, waves. Since the ratio of the total distance to the free space 
between two points in the liquid is given by the ratio (F/F/)^^^ this leads 
at once to the equation, 

u (liquid) = u (gas) (F/F,)"’ = {RTy/Mf'\V/Vff'^ (88) 
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Equation 88 may be employed either to find the velocity of sound in liquids 
if F/ is known from some other source, or to determine free volumes if 
sound velocity measurements have been made. 

C. The relation between free volume and thermal conductivity in liquids 

A tost of the general point of view outlined above is desirable, and is 
provided by considering the thermal conductivity of liquids (37). 

A straightforward application of the kinetic theory of gases gives the 
relation for the thermal conductivity K, 

K (gas) = (l/3)(A/F)cLc^ (89) 

where N /V is the number of molecules per cubic centimeter, L is the mean 
free path, and c, is the specific heat per molecule. It is found, however, 
that equation 89 gives values which are too low for the thermal conductiv- 
ity of gases, and Eucken (11) gives the correction factor 1/4(97' fi)j 
where 7' is the ratio of Cp to c» . Equation 89 may now be rewritten, 

K (gas) = (1/3)[1/4(V ~ mN/V)cLc. (90) 

a relation which may be tested in the form, 

K (gas) = i7(c„/m)(l/4)(97' ~ 5) (91) 

since the viscosity, 17, is given by {l/S){N /V)mcL, Equation 91 has 
been observed to give excellent agreement with experiment (42). 

In order to convert equation 90 into a form applicable to liquids the 
following identifications may be made: {N /V) becomes the number of 
molecules per cubic centimeter of liquid rather than per cubic centimeter 
of gas. The average velocity c must be multiplied by the ratio (F/F/)^^®, 
for the same reasons as arc given above for justifying equation 88. The 
distance that the energy is carried is now {v)^‘^ rather than L, the mean 
free path for the gas. Cv for the gas is replaced by aCv , where a is the 
accommodation coefficient which takes account of the number of degrees 
of freedom which come into equilibrium in the thermal conduction process. 
Making all these substitutions we have: 

K (liquid) = (l/12)(&y' - b){\/v)mT /Vff'\vy'\ac,) (92) 

On substituting equation 88 and simplifying, we have 

K (liquid) = (1/12)(97' - 5)(8M)''’“(iV'/F)*'V(ac,) (93) 

Here u is the velocity of sound in the liquid, 7' is the effective value of the 
ratio of Cp to for thermal conduction in the gas, and 7 is the same quantity 
for the transmission of sound. 

Equation 93 is very similar to one given by Bridgman for the thermal 
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conductivity of liquids (5, 6). In order to have equation 93 reduce to 
the one successfully employed by Bridgman, ac^ must be assigned the 
value Zk per molecule. For the liquids composed of polyatomic molecules, 
which Bridgman studied, this is understandable if only the kinetic energy 
of translation and rotation transfer appreciable energy in the process of 
thermal conduction. Using a value of equal to 3A;, y' becomes 4/3 and 
equation 93 rcdu(5es to 

K (liquid) = (0.931/7 '") 3/b {N/Vf\ (94) 

This formula has the same form as that employed by Bridgman, but the 
numerical coefficient is about 12 per cent smaller, as a result of the factor 
0.931/7^^^ replacing unity in his expression. 

TABLE 1 


Comparison of the observed thermal conductivities of liquids at S0°C, with those computed 

from equation 9J^ 


1 

BTTBBTANCB 

K 

(OBSBBVXD (5)) 

1 

K 

(calculatbd) 

/TCobbbrvbd) 

iir(CALCULATllo) 

Methyl alcohol 

X to* C.O.S. unit* 

21.1 

X io* C.O.a. units 

22.3 

0.95 

Ethyl alcohol. 

18 0 

19.2 

0.94 

Propyl alcohol 

15.4 

17.3 

0 89 

Butyl alcohol 

16.7 

13.3 

1.26 

Isoamyl alcohol 

14.8 

14.1 

1.05 

Ether .. 

13 7 

10.9 

1 26 

Acetone 

17.9 

16.3 

1.10 

Carbon disulfide . 

15 9 

16.1 

0.99 

Ethyl bromide . . 

12.0 

12.8 

0.94 

Ethyl iodide 

11 1 j 

10.6 

1.05 

Water 

60.1 I 

51.7 

1.16 


Table 1 shows values for K at 30®C. for a number of liquids computed 
by equation 94 for comparison with Bridgman^s experimental values. The 
agreement, somewhat better than Bridgman ^s earlier computations, sug- 
gests that the general point of view cannot be far wrong. Equation 94 
not only works remarkably well for the variation of K from liquid to liquid 
at atmospheric pressure, but, as Bridgman has pointed out, it also gives 
approximately the temperature variation of K. It is, therefore, quite 
surprising that it does not predict the pressure effect correctly. Whereas 
most liquids increase their thermal conductivity by approximately a 
factor of 2 on going from atmospheric pressure to 12,000 atmospheres, the 
formula predicts an increase by about a factor of 4. It has been suggested 
> that such a decrease in the value of a might be due to quantization of the 
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mass motioTis of the molecules at high pressures (37). The effective heat 
capacity, ac^ , would have to become 1 .5A: in order to explain the observa- 
tions at the highest pressures to which the experiments extend. 

D, A comparison of values of free volumes of liquids computed by 
different methods 

Table 2 gives a comi)arison of free volumes for a number of liquids 
calculated from (equations 84 and 88. The agreement indicates that, for 
the typ(‘ of liquid considc^red in table 2 at atmospheric pressure, it is im- 
material whether equation 84 or equation 88 is employed in the \’iscosity 
equation. Sim^e equation 84 fails badly when applied to liquid mercury 
(21), it provides no check of the sound velocity equation 88 for this 
case. Consequently it is of interest to compare equation 88 with an equa- 

TABLE 2 


Values of the free volume for various liquids (SO) 


Sub- 

Btanoe 

Acetone 

Ether 

i 

Chloroform 

Toluene 

Carbon 

tetrachloride 

Carbon 

disulfide 

t 

CO 

CO 

2 

O 

a H 

p < 

Vf FROM 
EQUATION 84 

s 

§ 

Vf FROM 
EQUATION 84 

V f FROM 

EQUATION 88 

V f FROM 
EQUATION 84 

V / FROM 

EQUATION 88 

2 

O 

E P 

o < 

Vf FROM 

EQUATION 88 

F / FROM 

EQUATION 84 

DO 

OO 

2 

O 

cc 

2 

O 

35 


h % 
V.W 

u 


£§ 

£ a 

b. 

P 

•C. 

cc. 

CC. 

cc. 

CC. 

CC. 

CC 

CC. 

CC. 

CC. 

CC. 

cc. 

cc. 

0 



0 48 

0 47 

0 21 

0 25 

0 16 

0 16 

0.16 

0.21 

0 23 

0.45 

10 


1 

0 57 

0.55 

0.24 

0 29 

0 19 

0 19 

0.24 

0 26 

0 26 

0.52 

20 

0.45 

0 54 

0 70 1 

0 65 

0 29 

0.34 

0 22 

0 22 

0 28 

0 31 

0.30 

0 58 

30 



0 90 

0.79 

0 34 

0 40 

0.26 

0.26 

0 33 

0.37 

0.36 

0.66 

40 

0 64 

0 63 



0.40 

0 47 

0 31 

0.31 

0 38 

0 43 

0.39 

0 75 

50 





0 48 


0.36 

0 36 

0.45 

0 50 

0.47 

0.84 


tion for the free volume of mercury which is known to be consistent with its 
thermodynamic properties. The simplest model which might be employed 
is to assume that the Einstein characteristic temperature is the same for 
the liquid as for the solid phase. Application of equation 78 should then 
lead to approximate values for Vf, A better value of the characteristic 
temperature of the liquid may be obtained by choosing it so as to fit the 
observed entropy of fusion (36). Further, since the observed values for 
the specific heat at constant volume for mercury fall below the classical 
value for a harmonic oscillator as the temperature is raised, the expression 
for the free volume must be modified to take account of this effect. An 
expression for V / consistent with these requirements is 
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Here 0 is the characteristic temperature of the liquid and Vo is identified 
as the volume of the liquid at the melting point. The form of the potential 
function corresponding to equation 95 is shown in figure 9, and values for 
Vf computed from equation 95 are compared with those obtained from the 
sound velocity equation in table 3. The general agreement is of particular 
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Fig. 9. Potential-energy function for displacements of a mercury atom from its 
equilibrium position (37). 

TABLE 3 


Free volumes for Uqutd mercury at different temperatures and pressures 



P 

V/ FBOM XQVATION 88 

V/ FROM SQUATION 95 

•c. 

atmoapheres 

ce. 

oc. 

-39 

1 


0.0081 

0 

1 

0.0120 

0.0120 

100 

1 

0 0220 

0.0256 

200 

1 


0.0434 

300 

1 


0.0718 

357 

1 


0.0904 

0 

1 

0 0120 

0.0120 

0 

1000 

0.0117 

0 0116 

0 

2000 

0 0114 

0.0114 

0 

3000 

O.Olll 

0.0111 

0 

4000 

0.0107 

0,0109 

0 

5000 

0.0104 

0.0107 

0 

6000 

0.0101 

0.0105 

0 

7000 

0.0098 

0.0103 


interest, since the free volumes are of a different order of magnitude than 
those of the non«metallic liquids discussed above. 

VI. THE VISCOSITY OF LIQUIDS 

Since means are now available for estimating the free volume, it is 
^ssible to apply equation 79 to the problem of the viscosity of liquids. 
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The equation may be rewritten in the form, 

r, = {hN/V){2wm*kT/hy\)"‘ oxp{^Eyu/RT) exp(-ASVi2) (96) 

where A£" will be some fraction of the energy of vaporization. This fol- 
lows from the assumption that the energy of activation for viscous flow is 
due chiefly to the extra volume required by the activated complex, since 
the energy of formation of a hole of molecular size is equal to the energy 
of va])orization. The hole required for the flow process to take place will 
not, in general, be as large as a cavity of molecular dimensions, since this 
would be unnaturally extravagant of free emergy. The bimolecular mech- 
anism illustrated in figure 5, for example, would require a cavity of about 
one-third the size of a molecule. The situation is somewhat different when 
each mohnuile forms directed bonds (e.g., hydrogen bonds) with its neigh- 
bors, and these cases will be discussed later. 

For those cases where (5A^vap/dF)r may be taken equal to AJiVap/F, 
and where the external pressure may be neglected in comparison to A£^vap/F, 
equation 84 reduces to 

V)'^ = (97) 

If, further, AJSvis i« written as AEvap/'^, then equation 96 may be written 

r, = 7.71 X 10"'(M‘"7’''VF''’Affvap) ex^i^E^JnRT) Qxp{-^S'/R) (98) 

where AAVap is iri calorie.s per mole.’ Equation 98 has been tested by Ewell 
and Kyring (16) in the following manner: The n appearing in the exponen- 
tial of equation 98 was chosen to give the correct temperature coeflScient 
of viscosity by computing values for neglecting the entropy of activation. 
The computed values of the viscosity are then plotted as In 77 against 1/1\ 
The value of n which gives a plot parallel to the straight line of the ob- 
served viscosities is taken as the value of n which gives the correct tem- 
perature coefficient. The calculations were carried out for most of the 
liquids for which reliable values of the viscosities and the heats of vaporiza- 
tion are known over a temperature range. The results to the nearest half 
integer are given in table 4. As examples, table 5 shows the calculations 
for carbon tetrachloride, and figure 10 shows the plots for carbon tetra- 
chloride, nitrogen, hexane, and chloroform. Computations similar to those 

’ The coefficient 7.71 X 10"^ given in equation 98 is smaller by a factor equal to 
than the coefficient given by Ewell and Eyring (16). This is because Ewell and 
Eyring assumed a unimolecular mechanism, while a bimolecular mechanism is as- 
sumed in equation 98. It is difficult to choose between the unimolecular and bi- 
molecular mechanism from the viscosity data alone, but when this is taken in con- 
junction with diffusion data, the unimolecular mechanism seems the more likely, as 
we shall see. 
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given in table 5 and plots similar to those in figure 10 were made for all 
the liquids listed in table 4. 

Inspection of table 5 reveals the fact that there seems to be some correla- 
tion between the symmetry and polarity of the molecule and the value of 
n required to give the correct temperature coeflScient of viscosity. Thus, 
all the liquids with a value of n equal to 3 are non-polar,® and many of 
them are spherically symmetrical. This is certainly true of carbon tetra- 
chloride, methane, and argon and is approximately true of nitrogen and 
carbon monoxide when the kinetic theory shell is considered. The liquids 



TABLE 4 


Values of n for different substances 

n « 3 

Carbon tetrachloride, benzene, cyclohexane, methane, nitrogen, 
carbon monoxide, argon 

n « 3.5 

Dichloroethane, dibromoethane, oxygen 

n «=* 4 

Pentane, hexane, heptane, carbon disulfide, chloroform, toluene, 
ether, ethyl acetate, acetone, ethyl iodide, ethyl bromide, methyl 
iodide, ethylene 


TABLE 6 


Computation of viscosity of carbon tetrachloride 



V 


qCOBBBRVSD) 

f (CALCOLATSD) + nCOBSBByXO) 




n - 2 

n ■■ 3 

n •» 4 

•c. 

ee permole 

kg.~eal. per 
mole 

mUlipoteee 




0 

94.3 

7 56 

13.47 

30 7 

2 12 

0 95 

20 

96 6 

7.30 

9.69 

24.0 

2.11 

1.04 

40 

99.0 

7 06 

7.38 

19 7 

2.07 

1.13 

60 

101.6 

6.81 

5.84 

16 4 

2 06 

1.24 

80 

104.4 

6 56 

* 4.68 

14.2 

2.08 

1 36 


with values of n greater than 3 are not spherically symmetrical and most 
of them are polar. If the molecule is not symmetrical and makes a better 
bond with one neighbor than with the others, it will be able to preserve 
this bond in the activated state, so that the energy of activation will tend 
to fall below the normal value for symmetrical molecules. On the other 
hand, if a molecule forms strong directional bonds with a number of 
nearest neighbors, the energy of activation will tend to be above the normal 
value. Molecules with a single large dipole, such as ethyl iodide, ethyl 

* Carbon monoxide has a small dipole moment of the order of 0.15 Debye unit. 
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bromide, and acetone, are examples falling in the first category, while water 
(to be discussed later) exemplifies the second. 



Fig. 10 . Plots of log 17 versus 1 XT' for observed and calculated viscosities, using 
integral values of n in equation 98 (from Ewell and Eyring (16)). Ordinates are 

log V la millipoises; abscissas are ^ X 10 ^ 

For the rolling mechanism indicated in figure 5, the ratio of the size of 
the hole required to the molecular volume will vary with the liquid struc- 






THEORY OP ABSOLUTE REACTION RATES 


335 


ture, which in turn will depend on the shape of the molecules. Experi- 
ments seem to indicate that for the long cylinders, such as the paraffins, 
this ratio is smaller (about 1:4) than for spherical molecules, where the 
ratio is about 1:3. A different value for n is to be anticipated for molecules 
with shapes which preclude the above mechanism. Large flat molecules 
of the anthracene type will presumably provide such examples. 

TABLE 6 


Comparison of values of n with AE^mp/B 


LIQITID 

B 

A£v»p AT 
BOIZJNO POIIVT 

Affvap 

B 

n 

ecu 

kg. -cal. per mole 

2.60 

kg.-eal. per mole 

6.60 

2.7 

3 

CJI. 

2.54 

6 66 

2 6 

3 

CeHiji (cyclohexane) . . 

2.89 

6.70 

2.3 

3 

CH4 ... 

0 72 

1 82 

2.6 

3 

A 

0.52 

1.42 

2.8 

3 

N,. 

0.45 

1.21 

2.7 

3 

CO 

0.47 

1.31 

2.8 

3 

0, . . 

0.40 

1.47 

3 7 

3.6 

C*H 4 CU 

2 27 

6.93 

3.1 

3.5 

CaH 4 Br, 

2.69 

7.89 

3.0 

3.5 

C5H12 (pentane) . . 

1.58 

5.51 

3 6 

4 

CeHu (hexane) 

1.72 

6.22 

3.6 

4 

CHCU . 

1.76 

6.63 

3 8 

4 

CtHsI . 

1 72 

6 40 

3 7 

4 

C2HjBr 

1.59 

6.08 

3.8 

4 

CS2 

1.28 

5.92 

4 6 

4 

CeHsCH, 

2.12 

7.24 

3 4 

4 

(C2Hs)20 

1.61 

5.70 

3.5 

4 

CHsCOCH, 

1.66 

6.40 

3.9 

4 

C.H4 

0.79 

3.50 

4.4 

4 


Inspection of figure 10 shows that the plots of the logarithms of the 
viscosity against the reciprocal of the temperature are straight lines for 
both the calculated and the observed curves. This means that they can 
be fitted with an equation of the form 

17 = A exp (B/RT) (99) 

Here A is an entropy-dependent factor, and B is an energy factor. 

Then B will be the experimentally determined quantity, i2 d In Tj/d(l/T). 
Because this can be taken as a constant for most liquids throughout their 
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normal liquid range, it can be considered to be an average activation 
energy for viscous flow. Since AJ^^vup varies only slowly with temperature, 
the ratio AE,,ap/B should be approximate^^ equal to 3 or 4 anywhere in 
the temperature range where B is a constant. Table 6 gives a comparison 
of values of n, as determined by the method given above, with ABy^p/Bj 
where AEyap is taken at the normal boiling point for all the liquids in the 
table. Inspection of table 0 shows that there is a correlation between the 
values of 7i and the ratio AEy^p/B, so that this ratio may be taken as a 
rough measure of r?, 

A (lorrelation between B and having been established, it is of 

interest to examine further approximate values of n for quite unsymmetrical 
molecules, cases for which complete data for applying equation 98 are not 
available. Table 7 shows values of AEy^p/B for the normal paraffin hydro- 


TABLE 7 

Valuea of AEyt,p/B for normal paraffin hydrocarbons 


UYDKOCARBOW 

RANGK 

B 

AEvap 

A^vap/iS 


"C. 

kg -coZ per mole 

kg •cal per mole 


n-CfiHia 

0 b.p. 

1.58 

5 71 

3 6 

n-CeHu 

0-b.p 

1 73 

6 96 

4 0 

w-C7Hifl 

O-b.p. 

1.91 

8 11 

4.3 

/i-CgITis 

Ob.p. 

2 14 

9 21 

4 3 

W-OgH20 

0-40 

2 41 i 

10 21 

4 2 

n-r, 0 II 22 

0-30 

2 60 

11 11 

4 3 

n-CuThi 

0-30 

3 06 

11 96 

3 9 

n-Culiio 

20-40 

3.60 

14 21 

4 0 

n-CiflH84 

20 10 

4 01 

15 51 

3.9 

n-CisHjs 

40-60 

4 15 

16 76 

4 0 


carbons (16). This ratio is seen to be about 4 for all these molecules. 
Part of the increase in the ratio with increasing molecular weight is due 
to the fact that the comparison is made at 25 °C. rather than at correspond- 
ing temperatures, such as their boiling points. Here, again, the energy 
of activation for viscous flow is seen to be about one-fourth the energy of 
vaporization. This result for long-chain molecules is consistent with the 
mechanism illustrated in figure 5, if the circles in figure 5 illustrate cylin- 
ders rolling over each other as viewed along their axes. A pile of logs 
might be expected to roll over each other by an analogous mechanism. 

A. The entropy of dctivation for viscous flow 

Inspection of figure 10 will reveal that the plots of the observed viscosity 
and the parallel ones which were calculated neglecting AS' do not coincide. 
The calculated values are greater by an average factor of about 2, when 
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the value of n giving the right temperature coefficient is used and the en- 
tropy of activation is neglected. The following are the factors by which 
the viscosities calculated, neglecting the factor are too high: 

carbon tetrachloride, 2.5; benzene, 2.5; cyclohexane, 1.5; methane, 2.5; 
argon, 1.6; nitrogen, 1.7; carbon monoxide, 1.8; pentane, 1.2; hexane, 1.2; 
heptane, 1.4; carbon disulfide, 1.3; ether, 1.4; ethyl acetate, 1.5; toluene, 
2.5; acetone, 1.6. 

If all the other terms in the equation are correctly evaluated, these 
factors indicate a value of A>S' of the order of one entropy unit. That the 
activated configuration should have a greater entropy than the normal 
one is a reasonable result. Indeed, it would be surprising if were 
exactly zero, and it is an interesting fact that it is almost equal for such a 
wide variety of substances. 

A number of the approximations that have been made in order to apply 
equation 98 may be responsible for part of this factor whicli is interpreted 
as A>S'. The expression 97 for F/* may not be just equal to what one 
would obtain by an exact integration over potential energy if such an in- 
tegration could be carried out. k may not be unity for the flow process, 
and a value smaller than unity would lead to greater calculated entropies 
of activation. The identification of X and Xi may not be justified in all 
cases. 

We now consider in greater detail the methods available for estimating 
the energy of activation. Various thermodynamic processes may be used 
to estimate the energy of forming a hole. How exact an estimate they 
provide of the energy of activation for viscous flow depends on how nearly 
the thermodynamic process approximates the formation of the hole in the 
flow process. The energy of vaporization measures exactly the cost in 
energy of a hole into which a molecule fitted if all the other molecules re- 
mained exactly as they were before the molecule was removed. However, the 
molecules surrounding such a hole will tend to decrease this free energy 
somewhat by reorienting. This effect has been considered in detail by 
Kirkwood (39). 

The thermodynamic quantity {dE/dV)T measures the energy required 
for a uniform expansion of the liquid. This function, multiplied by the 
extra volume required by the activated complex, gives the energy of acti- 
vation for viscous flow if the uniform volume expansion takes plar.e in just 
the same way as the process of forming a hole required for viscous flow. For 
the liquids considered in the previous section the two methods of estimat- 
ing AEvia give the same results, and as F(dJ?/dF)r and AJ&r»p have essen- 
tially the same magnitude and temperature dependence at atmospheric 
pressure. However, at the high pressures considered in the next section, 
the two quantities are quite different. Figure 11 illustrates the fact that 
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the pressure at which is a maximum is the point at which {dE/dV)T 

equals zero. Hence, if A F is the extra volume required for the flow process, 
the heat of activation in the two cases will be 


Ai/vi. = AEvap/n + PAF (100) 

and 

AHvia = {dE/dV)TAV + PAF (101) 

depending on which process most nearly approximates the process of form- 
ing the cavity for flow. Both equation 100 and equation 101 have been 
applied to data at high pressures. 



Fig. 11. The energy of vaporization of n-pentane at 30°C. as a function of the 
external pressure. 


B, The effect of pressure on viscosity 

The application of external pressure has the greatest effect on the rate 
of those reactions in condensed phases which have the greatest increase 
in volume resulting from the formation of the activated complex from the 
reactants. Since the free-energy difference between the normal and acti- 
vated states for viscous flow in normal liquids results almost entirely from 
this increase in volume, it is not surprising that viscosity has a greater 
variation with pressure than any other property of pure liquids which has 
been studied. 

In order to test equation 101, AF is identified with F/n, where n is the 
value required to give the correct temperature coefficient of viscosity. 
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This is equivalent to assuming that there is a linear relation between the 
size of the hole and the energy required to form it, and thus an n equal to 
3 means that a cavity just one-third the size of the molecule is required. 



Fig. 12. Plots of internal pressure versus molal volume for ether and w-pentane 
(16). The circles are values computed from equation 102, using Bridgman’s data for 
viscosity under pressure (6). The triangles and squares are values computed from 
the thermodynamic equation =*= T{pP/^T)v — P, using Bridgman's 

newer (1931) and older (1914) compression data, respectively (6). 

If, following Hildebrand (28), we designate (dEldY)T as F,- (the internal 
pressure), we have from equations 79, 84, and 101 

77 = 7.71 X + P)] 

exp[(P, + P)VlnRT] exp(-ASVfi) (102) 

Equation 102 may be most readily tested by making Px the unknown 
and using observed values of viscosity to compute internal pressures for 
comparison with those obtained directly from P-V-T data. Figure 12 
illustrates the application of this method, using Bridgman’s data (6). 

Equation 102 fails when applied to certain other liquids, notably mer- 
cury, and a viscosity-pressure equation based on equation 100 has proven 
to be more generally useful. This equation, giving the heat of activation 
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for viscous flow in terms of the energy of vaporization and the work against 
the external pressure, has been tested by Frisch, Eyring, and Kincaid (25). 
The expression employed for A//vu is 

+ PF/n' (103) 

Here APvap is the energy of vaporization at the particular pressure consid- 
ered, and F/n' is the extra volume required for viscous flow. It is foimd 
that n' docs not have the same value as n, being somewhat greater. 



Fig. 13. Observed viscosities of ether (solid curve) as a function of pressure com- 
pared with calculated values (circles) computed on the internal pressure hypothesis 
(equation 102). 

If the sound velocity method of getting the free volume is used, the 
equation giving the viscosity incorporating equation 103 may be written 

n = expCA^^vap/nflr + PV/n'RT) (104) 

Here Ug is the velocity of sound in the gas, Ui is the same quantity for the 
liquid, and the other quantities have been defined. The procedure em- 
ploj’^ed in testing equation 104 was to use the experimental viscosity, the 
energy of vaporization, the sound velocity in both the liquid and the gas, 
and the other terms on the right-hand side of equation 104 to determine 
the n giving the proper temperature variation of \dscosity at atmospheric 
pressure. The values of n obtained in this way, given in table 8, are then 
employed in equation 104 in order to obtain values of n' at a given tempera- 
ture and different pressures. A summary of the results for n' is given in 
table 9. 
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The values of n given in column three of table 7 are slightly different 
from those of Ewell and Eyring, because a different evaluation of the free 
volume has been used. Column six of table 8 shows that the value of n 
which gives the right temperature coefficient of viscosity also gives the ab- 
solute value to witliin an average value of 2 for liquids other than those 
classed as ^^hydrogen-bonded.^' 

The individual computations of n' are shown in table 9. The treatments 
possible for benzene and for isopentane warrant giving only one value for 

TABLE 8 


Values of n which give the 'proper temperature variation of viscosity at atmospheric 

pressure (26) 


SUBSTANCB 

n 

(Ewell and 
Eyring (16)) 

n 

(Frisoh. 
Eynng, and 
Kinoaid (26)) 

n' 

MBAN TALUB 

n'/n 
(Fnsoh, 
Eynng, and 
(Eanomd (26)) 

If (OBSBBVBO) 

If (COMPOTBD) 

n-Pentane .... 

4 

4.4 

7.8 

1.8 

1.1 

Ethyl ether 

4 

4.5 

7.8 

1.6 

1.9 

Benzene 

3 

3.3 

5.6 

1.7 

0.6 

Isopentane ... 


4.4 

8 

1.8 

1.9 

Mercury 

20 

11 

23 

2 1 

2.8 


TABLE 9 

Values of as computed from the data at various pressures 


PBBS8X7BB 

n-PBNTANB 

AT 30*C. 

DIBTHTL 
BTHEB AT 

62.6’C. 

bbnzbkb 
AT 26*C. 

IBOPBNTABB 

at50*C 

UBBCITBT 
AT 0*C. 

WATBB AT 0*C. 

kg. per cm.^ 







1,000 

6.0 


6.5 

8 


124 

2,000 

6.9 

4.7 



25.0 

14 

4,000 

8.5 

6.0 



23.0 

8.0 

6,000 

9.7 

6.8 



21.2 

(5000)7.2 

8,000 

10.4 

7.2 





10,000 

10 8 

7.6 





12,000 


7.9 






n\ It will be noted that n' for n-pentane, ether, and mercury does not 
vary greatly over the entire experimental pressure range, but that n' 
for water ranges from 124 at 1000 kg. per cm.^ to 7.2 at 5000 kg. per cm,* 
This variation is interpreted as follows: At low pressures water has an 
open, 4-coordinated structure (3), and no extra volume is required for the 
activated complex for flow to form. As the pressure is increased, the 
open structure collapses, and at high pressures the activated complex needs 
al much extra space to form as is required by any other non-spherical 
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molecule. It Ls probably incorrect to assume that n is constant for these 
liquids at one temperature and varying pressures, but the value of n' is 
not greatly affected by a considerable change in n. Table 10 illustrates 
that the n' values computed for water using different n^s converge to about 
the same limit at high pressures. 

The fifth column of table 8 gives the ratio of the mean value of n' over 
the pressure range to the value of n. The fact that this ratio is nearly 
constant and equal to 1.6 to 1.8 for the four non-metallic liquids in table 8 
is of some significance. It has been previously shown that the energy 
required to form a hole in a liquid the size of a molecule is equal to the 
energy of vaporization. Although it might be reasonable to assume a 
linear relationship between the size of the hole formed and the energy re- 
quired to form it, the fact that the ratio n'/n is not unity but 1.75 indicates 
that this may not be the case. Taking the data for ether as an example, 


TABLE 10 

Values of n' for water for different values of n at 0°C. (£5) 


p 

VALtJBB OF n' 

r. 

n - 4 

n “ 6.4 

kg. per cm.* 




1000 


16.1 

124 

2000 

32 

16 

14 

3000 

19 

11 

9.7 

4000 

14 

8 8 

8.0 

5000 

10 6 

7 7 

7.2 


we find an n' of 7, indicating that a hole approximately one-seventh the 
size of the molecule is required for viscous flow. However, the activation 
energy is two-ninths of the energy of vaporization. We accordingly have 
the interesting physical result that there is an energy of dissociation of 
large holes into smaller ones, i.e., two holes, each one-seventh the size of a 
molecule, cost considerably more energy than one hole two-sevenths mo- 
lecular size. In the case of ether, seven holes, each one-seventh the size 
of a molecule, would liberate energy equal to fourteen-ninths of the energy 
of vaporization, on being combined into a single cavity of molecular 
dimensions. 

The ratio n^/n for mercury does not differ greatly from that for the non- 
metallic liquids in table 8, but n and n' are themselves much greater. 
That the ratio of n' to n is again approximately 2 for a hole as small as 
one twenty-third the size of the atom is an interesting fact. 

Figure 14 shows plots of observed and computed viscosities as a function 
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of pressure for ether, mercury, and n-pentane, with constant values of n 
and n' in equation 104. The agreement, while perhaps not as satisfactory 
as might be hoped for, is probably as good as can be expected. 

It is clear that additional evidence is desirable before choosing between 
the two methods outlined above for treating the pressure variation of 
viscosity. The essential requirement is a simple, accurate method for 
securing the free energy of formation of a cavity in the liquid at any given 
temperature and pressure, and an entirely adequate treatment of viscosity 



Fig. 14. Comparison of observed viscosities and those computed from equation 
104. The values of n are 4.5, 12, and 4.4, and those of n' are 8, 23, and 10 for ether, 
mercury, and pentane, respectively. 

under pressure cannot be given until this is available. The recent work of 
Kirkwood (39) may prove of value in this connection. 

VII. APPLICATION TO VARIOUS CLASSES OP LIQUIDS 

A, A classification of types of liquids 

From the point of view of viscous behavior and of many other properties 
as well, Ewell (14) has given a classification of liquids which is essentially 
the same as that given below. 

I. Those in which the forces between molecules are almost exclusively 
lyidirected: — (a) Relatively small molecules: e.g., carbon tetrachloride, 
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chlorine, argon, benzene, (b) Very long chain molecules: e.g., linear poly- 
meric resins, such as polystyrene, polyisobutylene; very long chain hydro- 
carbons, such as some lubricating oils; selenium and /i-sulfur; raw rubber. 

II. Those in which the cohesive forces are directed in part:~-*(a) Mole- 
cules containing dipoles: e.g., those with a single strong dipole making 
possible a weak association into pairs, e.g., ethyl chloride, ethyl bromide, 
acetone; those with two or more strong dipoles making possible a two- or 
three-dimensional network of dipole bonds, e.g., 1 ,5-dichloropentane, 
p-dinitrobenzene, ( 6 ) Molecules capable of forming hydrogen bonds, — 
e.g., water, phenol; in general, any liquid whose molecules have OH or NH 
groups, (c) Molecules capable of forming intermolecular covalent bonds, 
e.g., silicon dioxide, germanium dioxide, boron trioxide, beryllium fluoride, 
and all silicate, borate, and phosphate liquids which are not too basic. 

III. Metallic liquids: molten metals.® 

IV. Ionic liquids: molten salts.® 

The applications of the theory thus far have been confined to examples 
chosen from types 1 (a), 1 ( 6 ), and 11 (a), — the so-called normal liquids. 
Although these are the ones to which the theory may be most easily applied, 
liquids of more complex structure may also be treated qualitatively, and a 
discussion of the applications to p-sulfur and water will comprise the next 
two sections. 


B. The viscosity of sulfur 

As is well known, liquid sulfur is a fluid yellow liquid between the 
melting point and about 160°C. and also in the supercooled liquid region 
below the melting point. Above 160°C. the viscosity increases rapidly, 
increasing several thousandfold between 160° and 190°C., and thereafter 
the viscosity decreases in a normal way. Figure 15 shows the data of 
Rotinjanz (64) plotted as In 17 against 1 /T. Rotinjanz’s data show that 
between 160° and 250 °C. the viscosity of sulfur is a function of the time 
as well as the temperature, and the values given in that range are only 
rough averages and probably not equilibrium values. 

It is seen that the plot has two linear portions, below 160° and 250°C., 
for which B is 7.04 and 18.35 kg.-cal. per mole, respectively. In the region 
below 160°C., x-ray evidence ( 66 ) indicates that the molecule is a puckered 
Sg ring, and by comparing this structure with cyclohexane, it seems likely 
that n would be 3 for this type of molecule. The heats of vaporization of 
sulfur have been accurately measured by West and Menzies (67). Their 
value of AJE^vap at 120°C. (the middle of this linear part of the plot) is 2.59 
kg.-cal. per gram-atom or 20.7 kg.-cal. per mole of Sg . This is very nearly 

• Groups III and IV are really subdivisions of Group I, but are classified separately 
for obvious reasons. 
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three times 7.04, the value of 5 in this range, and this may be considered 
as further evidence toward confirming the Sg molecule in the liquid in 
this range. 

In the range above 250®C. the much larger slope of the curve indicates 
that the molecule is much larger than it is below 160®C. This larger sulfur 
molecule might be either a large ring, a branched chain, or a long straight 
chain, of which the latter seems most likely to be the correct structure. 
By analogy with the straight-chain hydrocarbons, n should be 4 for this 
type of molecule, and this would indicate a value of Ai^vap of 4 X 18.35 = 
73.4 kg.-cal. per mole on our hypothesis. West and Menzies give 2.05 
kg.-cal. per gram-atom for ASvap at 350°C. (the middle of this linear part 



of the curve) and, comparing this with the value deduced above, the 
molecular weight of the unit of flow is calculated to be Sg® . In contrast 
to such a molecular weight of the imit of flow, the unit of vaporization is 
still Sg, as shown by vapor density data (16). 

This figure of 36 can be interpreted as an average chain length averaged 
over all the molecules in the liquid and averaged over the whole tempera- 
ture range from 250® to 450 ®C. The alternative is that, although the 
chains may be longer, they flow in segments, the approximate number of 
atoms in the units of flow being 36. These segments, although tied to- 
gether, jump as imits. At any temperature there is probably an equi- 
librium mixture of chains of varying length, and, as the temperature is 
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raised, the average chain length will become smaller as the equilibrium 
constant changes. The linear relation between In rj and l/T is not a 
vsufficient condition for an unchanging molecular state in a liquid. Normal 
liquids composed of a single molecular species almost without exception 
give linear In rj versus \/T plots. However, a liquid composed of an equi- 
librium mixture of several molecular species might also give a linear plot, 
since the equilibrium constant (changes according to vanT Hoff^s equation, 
which is of the same form of temperature dependence as is the viscosity 
of a liquid. 

The hypothesis had been advanced by Warren and Burwell (66) that 
the increase in viscosity above 160®C. is “probably due to the Ss ring 
breaking open and forming irregular chains which tangle with one another 
and give rise to the marked increase in viscosity”. These results give a 
more concrete form to this idea of long chains and obviate the necessity of 
postulating the indefinite concept of tangling of chains, since any liquid 
composed of chains averaging 36 atoms in length or more, e.g., a hydro- 
carbon, will be a very viscous liquid. The fact that liquid sulfur is not a 
normal close-packed liquid is shown by the work of Gingrich (26), who 
found that the liquid had about two nearest neighbors at the normal 
covalent bond distance, whereas liquid sodium or mercury has about eight 
nearest neighbors. This fact indicates that the molecule in the liquid sulfur 
is either a chain or a ring. 

C. !/7wj viscosity of water and other associated liquids 

Liquids belonging to Group ll{b) of the above classification are ordinarily 
called abnormal or associated liquids. Among other anomalies these 
liquids, composed of molecules containing OH or NH groups, have much 
higher viscosities than would be expected from the size and structure of the 
molecules. For instance, water is much more viscous than hydrogen 
sulfide or methane; ethyl alcohol and ethylamine are much more viscous 
than propane; aniline and phenol are more viscous than toluene; etc. 
This abnormally large viscosity is due to the hydrogen-bond structure of 
these liquids. According to present concepts,* for instance, each oxygen 
atom in the water molecule in ice is surrounded by four hydrogen atoms at 
approximately tetrahedral angles. Two of these four hydrogen atoms are 
bound to the central oxygen atom by primary valence forces and are a 
distance of 1.0 A. away. The other two are “hydrogen bonded” at a dis- 
tance of 1.8 A. Ice at low temperatures has its maximum coordination of 4, 
i.e., there are four hydrogen bonds binding the water molecule to its 
neighbors, two through the oxygen and one for each hydrogen atom in the 
water molecule. Water at the melting point at 1 atmosphere pressure is 
still coordinated to some extent, but the degree of coordination is probably 
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somewhat below the maximum value of 4. Further, the degree of coordi- 
nation^® will probably change with the temperature and pressure. Other 
liquids containing OH and NH groups are likewise thought to possess 
hydrogen-bonded structures to some extent. When viscous flow takes 
place in these liquids, not only must van der Waals' cohesion be overcome, 
but hydrogen bonds must be broken as well. Table 11 shows that In 17 
versus 1/T is not a straight line for water but that B decreases rapidly as 
the temperature is raised and, further, that the ratio ABy^^p/B increases 
with the temperature. Ewell and Eyring (16) have interpreted the rapid 
decrease of rj and B with rising temperature as due to a decrease in the 
number of hydrogen bonds that have to be broken for the flow process to 
take place. This conclusion is consistent with the observation (41, 65) 
that D2O is about 25 per cent more viscous than H2O. Since it requires 
more energy to break the deuterium bond than the hydrogen bond, and 


TABLE 11 

The energy of activation for viscous flow of water 


i 


B 


A^v*p/R 

•c. 


kg.~caL per tnoU 

kg,-cal. per mole 


0 

17.95 

5.06 

10.18 

2.0 

50 

5.49 

3.42 

9.62 

2.8 

100 

2 84 

2 80 

8 98 

3 2 

150 

1.84 

2.11 

8.28 

3 9 


since this term occurs as as exponential in the viscosity formula, it is not 
surprising to find so great a difference. 

Similar considerations apply to other associated liquids. Since the 
maximum possible average coordination is equal to twice the number of 
OH or NH groups in the molecule, monohydric alcohols have a maximum 
coordination of 2, and the fact that ethyl alcohol and water have about 
the same viscosity indicates that ethyl alcohol probably possesses a large 
fraction of its maximum 2-co6rdination. 

Ethylene glycol has a maximum average coordination of 4, the same as 
water, and the fact that glycol is about twenty times as viscous as water 
or as alcohol indicates that the degree of coordination is much higher in 
glycol than in water or alcohol. This is probably due to the fact that the 
two OH groups are separated in glycol, giving less interference between 
the hydrogen bonds attached to the two groups. Similarly, glycerol has 
a maximum coordination of 6, so that as little as half of the maximum 

The degree of coordination is used here only in the sense of the average number 
I of hydrogen bonds per molecule. 
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coordination will permit a three-dimensional network of hydrogen bonds, 
giving rise to the high viscosit}^ of glycerol. Quantitative work along the 
lines suggested qualitatively in this section should throw light on the 
question of the contributions to the cohesive energy of liquids made by 
van der Waals, dipole, and hydrogen-bond forces. 

D. The viscosity of liquid metals 

Most metals give linear In rj versus XjT plots, just as normal covalent 
liquids do. The most striking fact regarding the metals is the large value 
of the AijJvnp/^ ratio, which ranges from 8 to 25, as compared to 3 or 4 
for normal liquids. This low activation energy for flow is consistent with 
the conclusion that the unit involved in flow is, much smaller than the 


TABLE 12 


The energy of achvatton for viscous flow in liquid metals 


METAL 

MIDPOINT OF 
TBMPBBATDttE 
RANGE 

Ai?vap 


"(7. 

kg -cal per 

Na 

500 

23 4 

K 

4S0 

19 0 

Ar 

1400 

60 7 

Zn 

850 

26 5 

Cd 

750 

22 5 

Hg {| 

250 

13.6 

600 

12 3 

Ga 

800 

34 1 

Sn 1 

600 

15 3 

1000 

14 5 

Pb. 

700 

42 6 


B 

AA'vap 

B 

l-^Evap w / I* ion ' 

B vFatom. 

kg. -cal. per mole 

1 45 

16 1 

2 5 

1 13 

16 7 

3 4 

4 82 

12 5 

3 8 

3 09 

8 6 

2.1 

1 65 

13.5 

4 0 

0 65 

20 8 

2 4 

0 55 

22 2 

2 5 

1 13 

30.3 

2 5 

1 44 

10 6 

4 1 

1 70 

8 6 

3 3 

2 80 1 

15 9 

5.0 


unit of vaporization. The unit of vaporization being the atom, the unit 
involved in flow is presumably the much smaller metal ion, i.e., the atom 
partially or completely stripped of its valence electron or electrons. 

On this assumption an approximate value for the energy of activation 
is given by 

« A^^vap V volume of ion 

x> — X — 5 7 — 7 — Uvo; 

n volume of atom 


where n has its usual value for normal liquids. 

Table 12 shows the experimental values of the quantity 


A£^vap s/ 

B ^ 


volume of ion 


volume of atom 



THEORY OF ABSOLUTE REACTION RATES 


349 


using the ionic atomic radii given by Wyckoff (70) to determine the volumes 
of the ion and atom, respectively. When the temperature variation of the 
energy of vaporization was known, a value was taken arbitrarily in the 
middle of the range over which the viscosities were measured. For the 
polyvalent metals the following were assumed to be the flowing ions: 
Hg-^, Pb^-". 

It is seen that the values of n given in column 6 cluster around the 
average value of about 3. While this result is interesting and suggestive, 
the situation is complicated by the nature of the bonding in metals. The 
theorem that the energy of forming a hole the size of a molecule equals the 
energy of vaporizing a molecule is only proved in the case where a bond 
between pairs is independent of the position of other atoms. It is by no 
means clear that such a theorem holds for a substance containing con- 
ducting electrons. 

As we have already seen, ordinary liquids at high pressures obey the 
inequality V{dE/dV)T < AJS^vap • This same inequality holds for metals 
even at atmospheric pressure, so that B should perhaps be compared to 
V{dE/dV)T i rather than to Aj&vap . Because of the above inequality, 
such a comparison would reduce the value of n required to reproduce the 
temperature coefiicient of viscosity. The data are, in general, not avail- 
able for such a comparison, but for mercury V{dE/dV)r/B equals 4.5. 
The qualitative concept of the metal ions moving short distances without 
their valence electrons is the counterpart of the theory of conducting 
electrons moving short distances without disturbing the ions. 

E, Mixture law for viscosity 

We give here the discussion of Powell, Roseveare, and Eyring (52). 
The viscosity of a mixture of liquids is not related to the viscosities of the 
pure components by any simple additive relation. Several equations have 
been tested in the search for an additive function for viscosity, among them 


being the following (c/. references 1, 4, 34, 35): 

<p = Ni(pi + N2(P2 (106) 

(107) 

V = + Nvpz (108) 

log ip = Ni log <pi -p Ni log <P 2 (109) 


the weighting being done according to weight fraction, volume fraction, 
and mole fraction. There is also a wide variety of equations containing 
one or more adjustable constants. For example, an equation of the type 
of equation 108 has been used by petroleum engineers to estimate the 
viscosity of mixtures of lubricating oils: for high- viscosity paraffin base 
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plus low-viscosity naphthene base, the exponent is 1/30; for the opposite 
case, the exponent is 1/3.1; for two oils of the same base, the exponent is 
1/6.5 (69). Such equations are convenient for interpolation purposes, 
but that they fit the experimental data is more a matter of arithmetical 
inevitability than of merit. Of the equations not containing an adjustable 
constant, equation 109 fits the experimental data rather better than the 
others. 

If the flow process were strictly determined by the properties of one 
molecule flowing, equation 106 would be expected to hold. If it were 
determined by the properties of two molecules flowing past each other, 
equation 107 would be expected to hold. However, it is probable that the 
cheapest way for a hole to be made is for the flowing molecule to squeeze 
against its neighbors, which in turn squeeze against their neighbors, imtii 
the over-all result is the expansion of the entire liquid. Thus the average 
thermodynamic properties of the entire liquid may be involved when any 
individual molecule flows. 

As a simple approximation, equation 76 may be used for mixtures if for V 
is inserted the actual value of the average molal volume, and for AF^ is 
inserted the weighted arithmetical mean of the values for the pure com- 
ponents. Thus 


<p - 


V -(NiAFi + NiAFi) 
Nh Rf' 


( 110 ) 


When Vi and V 2 are not too different, equation 110 reduces to equation 109. 

As a test of equation 110, AF^ has been plotted against mole fraction for 
a number of pairs of liquids. Three types of curves are obtained: 

(a) Closely similar liquids, e.g., benzene and anisole, give a straight line. 

(b) Liquids which definitely form a compound, e.g., chloroform and ether, 
give a convex curve, (c) Liquids which arc slightly dissimilar give a 
slightly concave curve; liquids which are markedly dissimilar, e.g., benzene 
and alcohol, give a markedly concave curve. 

It has been pointed out (15) that the deviations from a linear fluidity 
law arc roughly parabolic and are symmetric about the 50 mole per cent 
line. The same behavior is noted in the deviations of AF^ from a linear 
law. AfPy on the contrary, always shows larger deviations, which are 
usually not symmetrical and may even change sign. These large devia- 
tions shown by AH^ tend to be counterbalanced by entropy changes. 

It was early remarked that n on-aqueous liquid pairs showing a minimum 
in the viscosity curve also showed a negative deviation from Raoult's law, 
and those showing a maximum m the viscosity curve showed a positive 
deviation from Raoult^s law (72). In order to formulate this quantita- 
tively, the deviations of AF^ from a linear law (calories at 50 mole per cent) 
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were plotted against the deviations from Raonlt^s law (calories at 60 mole 
per cent) for systems for which partial pressure data are available or can 
be estimated. The curve resembles closely that in figure 6, in that the 
points tend to fall along a line drawn through the origin with a slope of 
1/2.45. The mixture law of equation 1 10 is therefore to be modified to read 

V = exp + N.AFi) - j RT^ (111) 

where AF^ is the excess free energy of mixing (55, 56). 



Compos/tion 

Fig. 16. Plots of various fluidity-composition equations for binary liquid mixtures 
applied to the system benzene-phenol, compared with observed fluidity values shown 
by circles. 

The application of this mixture law is illustrated in figure 16, where the 
experimental values for the fluidity of the system benzene-phenol are 
plotted, together with curves calculated according to several different mix- 
ture laws. 

F, Relation of fluidity to volume 

Batschinski (2) has shown that, for a large number of liquids, there is a 
linear relationship between volume and fluidity. The data of Bridgman 
*at high pressures (6), which show that, for non-associated liquids, the 
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temperature eor^fficient of fluidity at constant volume is insignificant com- 
pared to the tfunperature (tocfficicnt at constant pressure, indicate also 
that the fluidity of normal liquids under ordinary conditions is nearly a 
function of volum(‘ alone. Such linearity indurates that the theory of 
fluidity is fundamentally linked to the theory of liquid volume, and has led 
Powell, Roseveare, and Eyring (52) to the id(‘a of a number of holes in 
tin; liquid which shows a variation a])proximotely proportional to the 
volume change', 

Cernuehi and Eyring (7) have considered liquids as being made up of a 
binary mixture of molecules and holes having the same volume as mole- 
cules. Kirkwood (89) pointed oul that the theory of hokvs leads to results 
incompatible with critical data when the holes are the same size as the 
molecules. The t(unperatiire and pressure coefficients of viscosity indicate 
that th(' volume of a hole necessary for flow is a small fraction of the size 
of a molecule (25). 

Powell, Roseveare, and Eyring (52) assumed that a liquid is a solution 
of holes and molecules and that the size of the holes is a characteristic of 
the material. The fusion of n molecules of a substance is the dissolving 
of Uh holes such that the entropy of solution is two units, or 

AS = 2 = -nk In ) -n,. k In (-^!^) (112) 

\n + /U/ \n -f nn/ 

since the observed entropy of fusion is about two entropy units for a large 
number of monatomic substances (30). For one mole of substance n = N 
and then, from equation 112, — 0.54iV. The solution of 0.54 mole of 

holes in 1 mole of a substance gives the required disorder entropy to change 
a solid into a liquid. 

If the volume of a hole be taken as l/h of the volume of a molecule, 
and r, and vi are the respective molecular volumes of the solid and liquid 
at the freezing point, then we have 

r = 0.54 ( 113 ) 

For a number of substances AF/F for fusion is approximately 0.1, making 
r about 5 or 6. Most metals have a value of r between 20 and 25. The 
result that a new equilibrium position has a volume about one-sixth that 
of the non-metal molecule and about one twenty-third the metal molecules 
Is exactly the result found by Frisch, Kincaid, and Eyring (25) from the 
effect of pressure on viscosity. Thus this model relates quantitatively 
two otherwise apparently phenomena, i.e., melting and viscous flow. The 
experimental value of the volume of the solid in equation 113 has signifi- 
cance only if the short-range order of structure of the liquid is the same 
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as that of the solid. Water has a negative value of AV/V on melting, 
owing to a change in coordination number on melting. 

For substances to which equation 113 may be applied, Powell, Rose- 
veare, and Eyring find that, at the melting point, their fluidity behavior is 
better described by the partition function for the solid state for the extra 
degree of freedom possessed by the normal molecule, than by the liquid 
partition function, obtained from the gas function modified by the intro- 
duction of free volume. 

For temperature ranges extending not too far above the normal boiling 
points, they would write, in place of equation 96, 


F. (^Zr vi - t;, 
Nh T V, 


exp i-AE'/RT) 


(114) 


In equation 114, Z is a numerical constant related to the coordination 
number; AE' is the energy of activation at constant volume^^ (in place of 
that at constant pressure in equation 96); ©, the Debye characteristic 
temfierature, while not often known, can be estimated by the relation (40) 

® 

where A is a numerical constant, Tm is the melting temperature, and M 
is the molecular weight. 

For many liquids the energy of activation for constant volume is very 
small, and when this is the case, there will be a temperature range in which 
the variation of the exponential term will compensate the l/T factor, and 
there will result the frequently observed linear i elation between <p and Vi . 

When AE' is large, as in the case of the higher alcohols, this is no longer 
the case. In figure 17 is shown a plot of fluidity against volume for iso- 
propyl alcohol for which AE' is large. Data of Bridgman at intermediate 
pressures permit the estimation of the heat of activation at constant 
volume, yielding a value of 3900 calories. The rcvsult of plotting ipT exp 
(3900/7') against volume should be a straight line, which is shown to be 
the case in figure 17. 

As another test of equation 114, log (p is plotted against l/T in figure 18 
for benzene. A number of such graphs may be found in the paper of 
Sheppard and Houck (58). The resulting curved line for benzene in 


Actually a combination of solid and gas partition functions is being investigated. 
This should approximate the function for the solid at the melting point for normal 
substances, and should approach the function foi the gas at the critical temperature. 

12 The energy of activation at constant pressure may be thought of as principally 
that energy required to forn. the hold necessary for flow, while that at constant 
volume is merely the (usually) small energy required to activate the molecule for 
Iflow into a hole already present. 
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figure 18 is to be compared with the straight line which results from plotting 
log [ipT/(Vi — F.)] against l/T. In the case of many substances the data 
available are in a temperature range where both plots are straight lines. 



Fig. 17. Plots of volume versus fluidity (small circles) and <pT exp (lOSO/T) (large 
circles) for isopropyl alcohol. 



Pio. 18. Comparison of linearity of plots of 1/7’ against log tf> (broken line) and 
against log0 T/(V — V,) (solid line) for benzene. The temperature range involved 
is from about 280® to 460®A. 

The linear relation between ^ and Vi found for substances with small 
values of AE' holds not only for volume change due to temperature varia- 
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tion but also for that due to pressure variation through fairly wide pressure 
ranges. So long as the pressure has very little effect on the liquid structure 
other than to squeeze out holes, the linear relation holds. For very high 
pressures, fluidity decreases less rapidly with increased pressure than the 
linear law predicts. Figure 19 shows plots of fluidity against volume at 
constant temperature for pressures up to 12,000 kg. per cm.^ for ether and 
for ethyl alcohol. 


G. The flow of large molecules 

For the viscous flow of hydrocarbons, Ewell and Eyring (16) have found 
that the heat of activation is usually very close to one-fourth the heat of 



Fig. 19. Showing the relation of fluidity to volume at high pressures. Curve A 
is for ether at 75®C., curve B for ether at 30®C. Curve C is for ethyl alcohol at 76®C., 
and curve D for ethyl alcohol at 30°C. Abscissae are arbitrary. The break from 
linearity seems to occur at pressures between 2000 and 3000 atmospheres. The fourth 
point from the right in each curve is for l^KK) atmospheres. 

vaporization of a molecule the size of the unit of flow. Kauzmann and 
Eyring (33), on plotting AH^ of viscous flow for normal hydrocarbons 
against chain length, found that, for chains above about twelve atoms in 
length, there is a significant and increasing deviation from the relationship 

= (l/4)AF„p 

for the molecule. This is taken to mean that chains longer than about 
twelve atoms do not move as a unit, but move in segments. Furthermore, 
there is an indication that, as the chain length increases beyond about fifty 
atoms, AH^ is independent of the total chain length, showing that, for 
piolecules of this length, the size of the segments which move is independent 
of the length of the molecule. From the limiting values of AH^ thus 
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found, it is estimated that the segments involved in the flow of long 
hydrocarbon molecules are, on the average, twenty atoms in length. 

An analogous treatment of results recently reported by Flory (23) for 
the behavior of polymers reveals that segments averaging about thirty 
atoms in length are involved. In rubber the segments are about forty 
atoms long, while in plastic sulfur they are about twenty atoms long. 

Although the temperature variation of the viscosities of long-chain 
polymers is determined solely by the nature and size of the segments of 
which they are composed, there is definite evidence that a further factor, 
depf'iiding on chain length but not on temperature, operates to make long 
chains more viscous than short chains. Thus, in connection with the 
viscosities of the normal paraffins, long chains arc definitely less fluid than 
would be expected from the recent extension of the hole theory of liquids. 
Flory\s work indicates that the viscosities of long-chain molecules are pro- 
portional to exp(a\/Z), where Z is the chain length of the entire molecule 
and a is a temperature-independent constant. 

This behavior is readily understood when it is realized that, although 
the segments in a large molecule are moving about just as rapidly as those 
in a small molecule, the movements of the segments of the large molecule 
must be coordinated to a far greater extent than those of a smaller mole- 
cule, in order for the molecule to move forward a given distance. 

According to Kauzmann and Eyring (33), the exponential form found 
by Flory follows if we say that, on each jump by a segment, there is a chance 
of failure of where n is the number of segments in the molecule. 

The chance of success in a single jump by one segment is then 1 — , 

n 

and the chance of successful jumps by n segments is 



But the fluidity is proportional to the fraction of successful jumps, so that 

Since 

(l - £) = exp(-x) 

when n Xj we have 


, = \ffp = K' expCaVZ) 


(117) 
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VIII. DIFFUSION PROCESSES IN LIQUIDS 

Although the viscosity of liquids has been extensively studied, data for 
diffusion in liquids are verj’’ meager. Thus the measurements of Orr and 
Butler (48) are the only ones available for testing the applicability of equa- 
tion 66 for self-diffusion. Taking their values for the diffusion of heavy 
into light water at 0®C. and 45°C. and utilizing the data for the viscosity 
of ordinary water at the same temperatures, Eyring (19) has emplo3"ed 
equation 66 to obtain values of the ratio X1/X2X3 of the dimensions of the 
diffusing molecule. This result may be combined with the product 
XiX2X8(= V /N) to yield a value of Xi equal to 1.44 A. at 0®C. and 1.47 A. 
at 45°C. At these same temperatures (X2X8)^^'^ equals 4.54 and 4.50 A., 
respectively. This result is seen to be in accord with the principle that 
reactions will proceed by all possible mechanisms and therefore chiefly by 
the fastest ones when it is recalled that Xi is the dimension of the flowing 
molecule perpendicular to the plane of shear It appears probable that 
in diffusion, as in viscous flow, the fastest process will be one in which the 
plane of the water molecule tends to coincide with the plane of flow, i.e., 
that Xi will be the thin dimension of the molecule. In the calculation, the 
viscosity of water has been used, whereas a value intermediate between 
that of H2O and that of pure D2O should have been used. This, however, 
would be a small correction, having no effect on the general conclusion. 
That the Stokes -Einstein diffusion equation is not applicable to this case 
is seen by the unreasonably small value of 1.46 A. ((F/A)^^^ = 3.1 A.) 
that it yields for the diameter of the diffusing molecule when the data at 
45 °C. are applied in equation 39. The dimensions of the water molecule, 
as determined from Fischer-Hirschf elder models, are 2.3 X 4.0 X 3.0 A., 
thus being in rough agreement with the dimensions derived from diffusion. 
There is no reason for expecting the Stokes Einstein equation to be appli- 
cable here, since it is derived with the condition that the diffusing particle 
be so large in comparison to the solvent molecules that the solvent may be 
considered to be continuous. 

Equation 65 may be rewritten in the form (61) 



If we assume that the degree of freedom corresponding to flow is a trans- 
lational one, and that the partition functions for other degrees of freedom 
are the same for the initial and activated states, then equation 118 may 
be transformed to 


= 

\2inn) 


I 


exp ( — AEr%p/nR T) 


( 120 ) 
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where v/ is the free volume. For diffusion processes, just as for viscous flow, 
a hole must be provided to diffuse into. The energy necessary will involve 
some fraction of the energy of vaporization so that, in equation 120, we 
write A^vap/n for AH^, Although diffusion is a rate process and should 
thus show an exponential variation with temperature, the data have nor- 
mally been represented as a linear function of temperature. However, the 
precision measurements of Cohen and Bruins (8) on the diffusion of tetra- 
bromoethane in tetrachloroethane extending over the temperature range 
0° to 51 °C. could not be fitted with a linear interpolation formula, and 
these authors employed a quadratic formula to represent their measure- 
ments. Taylor (63), using the results of Cohen and Bruins, plotted log D 
against 1/T and obtained an excellent linear plot, from which an activation 
energy of diffusion equal to 3500 calories was obtained. This value lies 


TABLE 13 

Diffusion of tetrahromoethane xn tetrachloroethane 


TllliPXRATURlt 

X 101* 

•yxio* 

ABvnp 

D X 10® 
(observed) 

D X 10* 
(calculated) 

Dobsd /Dealod. 

•A. 



kg.-caU per 
mole 




273.4 

3 124 

6 45 

9 852 

0.351 

0.64 

0.55 

280 7 

3 140 

6 69 

9 784 

0.419 

0 77 

0 54 

288 

3.155 

6.92 

9.719 

0 497 

0 92 

0 54 

298 

3.174 

7.25 

9 624 

0.611 

1.14 

0.54 

308 6 

3 195 

7 59 

9 525 

0 741 

1.42 

0.52 

324.1 

3.230 

8.13 

9 383 

0.954 

1 89 

0.51 


between that for viscous flow in tetrachloroethane, 3000 calories, and that 
for viscous flow in tetrahromoethane, 3750 calories.^^ 

Steam and Eyring (61) have used the results of Cohen and Bruins as a 
test of equation 120, employing average values for the quantities occurring 
in equation 120, based on a liquid mixture containing 7.83 mole per cent 
of tetrahromoethane studied by Cohen and Bruins. For X and they 
took the weighted arithmetical mean, and for AE^vap the weighted geometric 
mean. Their results are given in table 13. The constancy of the ratio 
jDobad./T^caiod. shows that the calculated values of D reproduce the experi- 
mental temperature coeflScient very closely. In agreement with Taylor 
(63) they took n = 3. (The value n = 2.65 would have reproduced the 
experimental results almost exactly.) 

The data of Scheffer and Scheffer (57) on the diffusion of mannitol in 

Value estimated from the boiling point, using the same Trouton’s constant and 
value of ABrmv/B as for tetrachloroethane. 
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aqueous solutions in the temperature range 0° to 70 °C. give activation 
energies varying slightly with temperature. The variations are of the same 
nature already noted for the viscous flow of water, probably owing to the 
hydrogen-bonded structure of the solution. However, when log D is 
plotted against l/T, the only point far off from the straight line giving an 
average slope is that for 0°C. The average slope gave AE^^t = 4047 
calories, and this, with the average value of AE^^p for water between 0** 
and 70®C., gives a value of n = 2.4. In table 14 are given the results of 
Steam and'Eyring, using equation 120 to calculate D. They took AJ57vap 
for water as 9700 calories and n equal to 2.4. The constancy of the ratio 
Dohad /Scaled, is again noted. 

Although data for the temperature variation of diffusion are scanty 
except for measurements at two temperatures rather close together, never- 
theless, on the basis of these data, Oholm (47) pointed out that substances 
showing a high value for the diffusion coefficient always showed a small 

TABLE 14 


Diffusion of mannitol in aqueous solutions 


TXMPBEATURID 

Oob«d. X 10* 

Dmhd X 10* 

nobid. /I^oalcd. 

273.0 

0.26 

0.26 

1.0 

296.2 

0.61 

0.43 

1.4 

305 9 

0.75 

0 52 

1.4 

316.4 

0 97 

0.63 

1.5 

325.3 

1.14 

0.74 

1.5 

335 0 

1 35 

0.89 

1.5 

343 2 

1.56 

1 05 

1.5 


temperature coefficient. This generalization is exemplified in the data in 
table 16, where values of the temperature coefficient a, defined by DijDx == 
1 -f a(7"2 — 7\), are to be compared with those of Z>. Such a relation is 
to be expected on a reaction rate theory of diffusion. If a series of reac- 
tions do not have greatly varying entropies of activation, then the slowest 
ones, as well as those with the largest temperature coefficients, will be those 
having the largest energy of activation. The generalization of Oholm on 
the diffusion process is analogous to the observation of Kohlraiisch on ionic 
mobilities. These ions with the greatest ionic mobility have the smallest 
temperature coefficients of mobility. This is also the reason that the 
transport numbers of ions tend to approach 0.5 as the temperature is 
raised. The more slowly moving ions with transport numbers less than 
0.5 at a given temperature will have greater temperature coefficients of 
mobility than the rapidly moving ones with transport numbers greater 
ithan 0.5. 
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A further test of equation 120 is given in tables 15 and 16, taken largely from 
Steam, Irish, and Eyring (61). The results are grouped into three classes: 
aqueous diffusion, diffusion of different solutes in the same non-aqueous 
solvent, and diffusion of the same solute in different non-aqueous solvents. 
Li table 16, values of D-q are given in order to test the validity of the 
Stokes-Einstein relation (equation 69), according to which Drj should be 
constant at constant temperature. The variation in Dq is much less than 
in i>, but, applying equation 69 to values of Dq, variation from two- to 

TABLE 15 

DiffuHton data for different solutes in the same solvent 


SOLtTTB 

Dob«d X 10® 

Daalcd X 10® 

Dobad./ Doalod 


Diffusion in 

aqueous solutions at ]8-20°C. 


Methyl alcohol 

1 37 

0 39 

3 5 

555 

Ethyl alcohol 

1 10 

0.38 

2 9 

504 

n-Propyl alcohol 

0 98 

0 35 

2 8 

488 

n-Butyl alcohol 

0 88 

0 34 

2 8 

468 

n-Amyl alcohol 

0 88 

0 34 

2 6 

495 

Allyl alcohol 

0.99 

0 35 i 

2 8 

477 

Diffusion in benzene solutions at 7.5*'C. 

Methyl iodide 

2 06 

3 46 

0.59 

964 

Ethyl iodide 

1 77 

3 39 

0.53 

903 

7i-Propyl bromide 

1.71 

3 55 

0.48 

908 

n-Propyl iodide 

1 67 

3 36 

0 50 

908 

w-Butyl bromide 

1 68 

3.48 

0 48 

948 

n-Butyl iodide 

1.53 

3 31 

0 45 

875 

n-Amyl bromide 

1.42 

3.42 

0 42 

836 

n-Amyl iodide 

1.41 

3.28 

0.43 

846 

Octyl bromide 

1.17 

3 29 

0.36 

770 

Ethylene dichloride 

1 77 

3.71 

0.48 

896 

Carbon tetrachloride 

1.51 

3.40 

0.43 

818 

Phenyl bromide 

1.45 

3.39 

0.43 

808 

Phenyl iodide 

1.35 

3.27 

0.42 

768 


three-fold in the radius of the diffusing molecule is noted. The constancy 
of Dq, if equation 68 be applied, depends, however, on the equality of 
for viscous flow and for diffusion and on the equality of X, and Xd , the dis- 
tances between successive minima for the viscous flow process and the 

diffusion process, respectively. One might expect the quantity D — ® to 

Xi 

be more nearly constant. It is impossible at present to evaluate 

Xi 
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satisfactorily, but as a crude test we may, for similar molecules, identify 
this quantity with where V is the molecular volume and N 

Avogadro's number. In table 15, values of D{V/Nf‘^ are given (i; 

TABLE 16 


Diffusion data for one solute in a number of solvents 


BOLVXNT 

ABvftp 

n 

■Oobed. 

X 10» 

Deaied, 

xio* 

■OobBd./ 

1 

1 “ 

D 

Diffusion of broinobenzene in various solvents at 7.6°C. 

Ether 

6.16 

4 

3.60 

16 5 

0 21 


962 

Benzene 

7 69 

3 

1.41 

3.1 

0.45 


1113 

Toluene 

8 6 

4 

1.59 

7 4 

0.22 


1097 

Cyclohexane . ' 

7.59 

3 

1.16 

3 3 

0.35 


1334 

Hexane 

7.0 

4 

2 59 

13.3 

0 20 1 


932 

m-Xylene 

9.77 

4 1 

1.52 

4.9 

0 31 


860 

m-Cymene 

10 3 

4 

1 18 

4 1 

0.29 




Diffusion of bromoform in various solvents at 20®C. 


Acetone 

7.27 

4 

2.69 

11.9 

0 23 

0.018 

Ether .. 

6 1 

4 

3.39 

17 3 

0.20 

0.017 

Benzene 

7 45 

3 

1 69 

3 7 

0 46 

0 024 

Methyl alcohol . . 

8.44 

3 

1.93 

2 6 

0 74 

0.022 

Ethyl alcohol 

9.97 

3 

0.97 

1 3 

0.74 

0 028 

Propyl alcohol . 

9 99 

3 

0.77 

1 2 

0.64 

0 030 

Amyl alcohol 

10 6 

lL. 

0.52 

0 94 

0.65 

0 034 


Diffusion of iodine in various solvents at 20®C. 


Methylene bromide 

8 25 

3.5 

0 83 

3.82 

0 22 

0 020 

1422 

Benzene 

7 45 

3 

1 93 

2 79 

0 50 

0 018 

1238 

Carbon tetrachloride . . . 

8 0 

3 

1.37 

2 39 

0 59 

0 019 

1302 

Toluene 

7.99 

4 

1 96 

9 26 

0 21 

0.016 

1132 

Chloroform 

7.08 

4 

2 12 

10 1 

0 21 

0 013 

1226 

Ethyl acetate 

7.78 

4 

2.15 

g 8 

0 22 

0 014 

981 

Heptane 

7 59 

4 

2 77 

11 4 

0 24 

0 016 

1325 

Carbon disulfide 

6 60 

4 

3 12 

12.4 

0 25 

0 012 

1171 

m-Xylene 

8 80 

4 

1 68 

7 2 

0 23 

0 017 

1079 

Isoamyl acetate 

9 00 

4 

1.24 

6 7 

0 19 

0 021 

1077 

Bromobenzene 

8.80 

3 

1 20 

1.7 

0.71 

0 017 

1358 

Carbon tetrabromide 

11.2 


.18 



0 041 

1782 

Methyl alcohol 

8 44 


1 81 



0 018 

1108 

Phenetole 



0.97 



0 023 

1283 

Anisole . . . 

8.8 


1 13 



0.024 

1219 


nearly constant for the dilute solutions in the same solvent). It is seen 
that these values are somewhat more constant than are those of D (or Di/f) 
* for the series of alcohols diffusing in water and for the series of halogen- 


.a .a 
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substituted products diffusing in benzene. In calculating the values of D 
given in table 16, Steam and Eyring use values of n found by Ewell and 
Eyring (16) to give the correct temperature variation of viscosity for the 
particular solvent. Those employed are shown in table 16. 

It will be noted that the ratio Dobsd./I^caiod. is greater than 1 for aqueous 
solutions and less than 1 for non-aqueous solutions. Steam and Eyring 
found this very generally true. They explain the variation of this ratio 
from unity as due at least partly to a factor in equation 120 which has not 
been considered. For the case of a liquid with structure, such as water, 
rotation in the normal state will be hindered more strongly than in the 
activated state. (C/. Kincaid and Eyring (37)). 

Thus in cancelling out all but one term in the partition functions corre- 
sponding to the two states, this factor is overlooked. This would lead to a 
calculated value too low. For liquids without such pronounced structure 
rotation may, on the other hand, be less hindered in the normal state, and 
neglect of this factor would then lead to results which are too high. 

A, Diffusion in concentrated solutions 

The results of Steam, Irish, and Eyring (61) and of Powell, Roseveare, and 
Eyring (52) show three kinds of behavior, two of which are adequately 
described by equation 75. These classes of systems arc: 

(a) Liquid mixtures which form nearly perfect solutions, e.g., benzene- 
carbon tetrachloride. For this case (d In a/d In N) will be constant and Drj 
should be linear with composition, owing to change of X 1 /X 2 X 3 with compo- 
sition (cf. equation 66). This class is exemplified by curves A of figure 20. 

(h) Liquid mixtures which do not form perfect solutions but which are 
such that AF^ for viscous flow is the same as AF^ for diffusion. For 
such cases Dtj will not, in general, be linear with composition but 
Dri/ (d In Oi/ d In Ni) should be. This class is exemplified by curves B and C 
of figure 20, in which the changes of Drj and of Drj/{d In ai/d In Ni) with 
composition are shown, respectively, for the systems chloroform -acetone 
and chloroform-ether. 

(c) Liquid mixtures with well-defined structure such that AF^ for viscous 
flow may not cancel AF^ for diffusion. The behavior of two such systems, 
water- methyl alcohol and water-ethyl alcohol, is shown in curves D and E 
of figure 20. This behavior is typical of four such systems investigated, 
all four showing a maximum in the value of D7j/{d In ai/d In Ni). 

B, Relation of diffusion to volume 

A further test of the idea that, for diffusion as well as for viscous flow, 
the energy of activation at constant pressure is in many cases predomi- 
nantly the energy necessary to provide a hole to diffuse into would be 
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furnished by the relation between diffusion coefficient and volume. The 
only available data satisfactory for investigation are those of Cohen and 
Bruins (8). The same reasoning which explains the linear relationship 



Fig. 20. Plots of composition in mole fraction versus Dri (circles) and versus 
Dfi 

, , /j t ur (crosses) for the complete composition range of several liquid pairs, 
d In ai/d In Ni 

Curves A are for benzene-carbon tetrachloride, curves B for chloroform-acetone^ 
curves C for chloroform-ether, curves D for water-methyl alcohol, and curves E for 
water-ethyl alcohol. The ordinate scale for curves E is half that for the other curves. 



Fig. 21, Plots of volume versus D, D/T, and respectively, for the diffusion 

of tetrabromoe thane in tetrachloroethane. The abscissa scales are arbitrary. 

between fluidity and volume for certain values of temperature and activa- 
tion energy leads to a prediction of a linear relationship between volume 
and either or D/T^ depending on whether the partition function for 

jthe extra degree of freedom is taken as in equation 119 or that for the solid 
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(0/7') is used. Steam (GO) has used (figure 21) the data of Cohen and 
Bruins to plot volume against Z>, D/T, and While the plot of D 

versus V shows distinct curvature, both the other curves give straight lines. 

REFERENCES 

(1) Arrhenius, S : Z. physik. Chem. 1, 285 (1887). 

(2) Batsciiinski, A J.: Z physik. Chem 84, 643 (1913). 

(3) Bernal, J D., and Fowler, R. H : J. Chem. Phys. 1, 640 (1933). 

(4) Bingham, E C : Flindiiy and Plasticity McGraw-Hill Book Company, 

Inc , New York (1922) 

(5) Bridgman, P W.; Proc Am Acad. Arts Sci. 69, 109 (1923). 

(6) Bridgman, P. W : The Physics of High Pressures. The Macmillan Company, 

New York (1931). 

(7) Cerichi, F , AND Eyring, 11 : J. Chem Phys. 7, 647 (1939). 

(8) Cohen, E , and Bruins, H. R : Z physik Chem 103, 404 (1923). 

(9) Dushman, S.: Elements of Quantum Mechanics. John Wiley and Sons, Inc., 

New York (1938). 

(10) Eckart, a. C : Phys Rev 36, 1303 (1930). 

(11) Euken, a : Physik Z. 14, 329 (1913). 

(12) Evans, M. G., Eyring, H , and Kincaid, J. F.: J. Chem. Phys. 6, 349 (1938). 

(13) Evans, M G., and Polanyi, M : Trans. Faraday Soc. 31, 875 (1935). 

(14) Ewell, R H.: J Applied Phys. 9, 252 (1938). 

(15) Ewell, R. II ; J. Chem. Phys. 6. 967 (1937). 

(16) Ewell, R H , and Eyring, H : J. Chem. Phys. 6, 726 (1937). 

(17) Eyring, H.: Chem. Rev. 17, 65 (1935). 

(18) Eyring, H.: J. ('hem Phys. 3, 107 (1935). 

(19) Eyring, H : J Chem. Phys 4, 283 (1936) 

(20) Eyring, H., Gersohinowitz, H., and Sun, (1 E.: J. Chem. Phys. 3, 786 (1935). 

(21) Eyring, IL, and Hirschfelder, J. O.: J. Phys. Chem. 41, 249 (1937). 

(22) Eyring, H., and Polanyi, M : Z physik. Chem. B12, 279 (1931). 

(23) Flory, P. j : J. Am Chem. Soc. 62, 1057 (1940). 

(24) Fowler, R. H : Statistical Mechanics Oxford Press, London (1936). 

(25) Frisch, D., Eyring, H., and Kincaid, J. F.: J. Applied Phys. 11, 75 (1940). 

(26) Gingrich, N. S : J. Chem. Phys, 8 , 29 (1940). 

(27) Gurney, R. W., and Nott, N. F.: J. Chem. Phys. 6, 222 (1930). 

(28) Hildebrand, J. H. : Solubility. Reirihold Publishing Corporation, New York 

(1936) 

(29) Hirschfelder, J. O., Eyring, H., and Topley, B.: J. Chem. Phys. 4, 170 

(1936). 

(30) Hirschfelder, J O., Stevenson, D. P, and Eyring, H.: J. Chem. Phys. 

6, 896 (1937) 

(31) Hirschfelder, J. O., and Wigner, E.: J. Chem. Phys, 7, 616 (1939). 

(32) Kassel, L. S : Chem Rev. 18, 280 (1936) 

(33) Kauzmann, W., and Eyring, H.: J. Am. Chem Soc. 62, 3113 (1940). 

(34) Kendall, J.: Medd K Vetenskapsakad Nobelinst. 2, No. 25 (1913). 

(35) Kendall, J , and Monroe, K. P.: J. Am. Chem. Soc. 39, 1787, 1802 (1917). 

(36) Kincaid, J F., and Eyring, H.: J. Chem Phys. 6, 587 (1937). 

(37) Kincaid, J. F., and Eyring, H.: J. Chem. Phys. 6, 620 (1938). 

(38) Kincaid, J. F. and Eyring, H.: J. Phys. Chem. 43, 37 (1939). 

(39) Kirkwood, J. G : J. Chem. Phys. 7, 919 (1939). 



THEORY OF ABSOLUTE REACTION RATES 


365 


(40) Lennard-Jones, J. E., and Devenshire, A. F.: Proc. Roy, Soc. (London) 

A170, 464 (1939). 

(41) Lewis, G. N., and MacDonald, R. T,: J. Am. Chen.. Soc. 55 , 3057 (1933). 

(42) Loer, L.: Kmetic Theory of Gases. McGraw-Hill Book Company, Inc., New 

York (1934). 

(43) London, F. : Prohleme der Modernen Physik. S. lli zel, Leipzig (1928). 

(44) London, F : Z. Elektrochem. 35, 552 (1929). 

(45) Miller, C. C. : Proc. Roy. Soc. (London) A106, 724 (1924). 

(46) Marcelen: Ann. Physik 3, 158 (1915). 

(47) Monroe, E., and Kirkwood, J. G : J Chem Phys. 8, 845 (1940). 

(48) ()holm: Medd. K. Vetcnskapsakad. Nobelinst. 2, 16 (1912). 

(49) Orr, W. j C , and Butler, J. A. V.: J. Chem. Soc 1936, 273. 

(50) Paulino, L., and Wilson. E. B.: Introduction to Quantum Mechanics. Mc- 

Graw-Hill Book CJompany, Inc., New York (1935). 

(51) Pelzer, H., and Wigner, E : Z. physik, Chem. B16, 445 (1935). 

(52) Powell, R. E , Roseveare, W E., and Eyring, II : Unpublished results. 

(53) Rice, O K : J. Chem. Phys. 6, 476 (1938). 

(54) Rotinjanz, L : Z. physik Chem. 62, 609 (1908). 

(55) Scatchard, G ; J. Am. Chem. Soc. 63, 3186 (1931); 66, 995 (1934). 

(56) ScAi chard, G , AND Hawer, W. j.: J. Am. Chem. Soc. 67, 1805 (1935). 

(57) Scheffer, J. D. R., and Scheffer, F. E. C.. Proc. Acad Sci. Amsterdam 

19, 148 (1916). 

(58) Sheppard, S. E , and IIauck, R. C.: J Rheol 1, 349 (1929-30). 

(59) SoKOLNiKOFF, I. S., AND SoKOLNiKOFF, E S : Higher Mathematics for Engineers 

and Physicists. McGraw-Hill Book Company, Inc., New York (1934). 

(60) Stearn, a. E.: Unpublished results. 

(61) Stearn, A E., Irish, E M , and Eyring, H.: J. Phys. Chem. 44 , 981 (1940). 

(62) Stearn, A. E., and Eyring, H.: J. Chem. Phys. 6, 113 (1937). 

(63) Taylor, H S.: J. Chem. Phys. 6, 331 (1938). 

(64) Taylor, H. S. : Treatise on Physical Chemistry, 2nd edition. D. Van Nostrand 

Company, New York (1931). 

(65) Taylor, H. S., and Selwood, P. W.: J. Am. Chem. Soc. 66, 998 (1934). 

(66) Warren, B. E,, and Burwell, J. T.: J. Chem. Phys. 3, 6 (1935). 

(67) West, W. A., and Mbnzies, A. W. C.: J. Phys. Chem. 33, 1880 (1929). 

(68) Wigner, E.: Z. physik. Chem. B19, 203 (1932). 

(69) Wilson, O. G., Jr.: Nat. Petroleum News 21, No. 21, 87-9, 91-2 (1929). 

(70) Wyckoff, R. W. G. : The Structure of Crystals Reinhold Publishing Corpora- 

tion, New York (1931). 

(71) Wynne-Jones, W. F. K., and Eyring, H.: J. Chem. Phys. 3, 492 (1935). 

(72) Yajnik, N. a., Bhalla, M. D., Tolwar, R. C., and Soofi, M. A.: Z. physik. 

Chem. 118, 305 (1925). 




TRANSANNULAR PEROXIDES 
WERNER BERGMANN and MARGARET J. McLEAN‘ 
Sterling Chemistry Laboratory^ Yale University^ New Haven, Connecticut 
Received January S8, 1941 


CONTENTS 

I. Introduction . . ... 367 

II. Ascaridole . 368 

III. Peroxides of steroids 371 

A. Dehydroergosterol peroxide ... .... . ... 372 

B. 2, 4-Cholestadiene peroxide .. . 374 

C. Ergosterol peroxide 375 

D. Other steroid peroxides. 379 

IV. Aromatic transannular peroxides . 380 

A. Preparation . . . 380 

B. Photooxidation of carcinogenic hydrocarbons . 383 

C. Photooxidation of various derivatives of anthracene 386 

D. Reactions of the peroxides 385 

(1) Reduction . 386 

(2) Isomerization . 387 

(3) Reactions with acids 388 

E. Dissociation of peroxides. .... 388 

F. Photooxidation of 1,3-diphenylisobenzofuran . ... . 390 

G. Peroxides of doubtful structure . . 390 

V. Conclusion . . 391 


I. INTRODUCTION 

During the years 1912 to 1913 Nelson and Wallach, working inde- 
pendently, made the discovery that ascaridole, the principal constituent 
of chenopodium oil, is a naturally occurring, liquid, organic peroxide. 
It is a relatively stable compound, since it can be distilled with steam or 
in vacuo. Ascaridole differed from other peroxides known at the time of 
its discovery principally in its structure, which was found to contain a 
peroxide bridge across a six-membered ring in a 1 ,4-position. For many 
years ascaridole was regarded as an oddity without an analog in organic 
chemistry. It was not until about twenty-five years later that other 
peroxides of similar constitution were discovered. The intensification of 
the studies on sterols, which began with the discovery of their relation 
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to vitamin D, led to the observation by Windaus and collaborators that 
ergosterol and similar sterols are prone to absorb oxygen in the presence 
of light to form nicely crystalline peroxides. Extensive studies demon- 
strated convincingly that these peroxides contained a peroxide bridge 
across ring B of the steroid molecule in a 1,4-position. More recently it 
was also shown by Bergmaim and Skau that an arrangement of double 
bonds in ring A of th(' steroid ring system also favored the formation of 
crystalline peroxidivs. 

The occurrence of such cyclic peroxides is not restricted to alicyclic 
chemistry. This was hist convincingly demonstrated by Dufraisse, who 
proved that ‘‘rubrene peroxide^' was actually the peroxide of 5,6,11,12- 
tetraphenylnaphthac(uie, and that it carried a peroxide bridge across the 
ring at C'o and Cu In a scries of investigations, Dufraisse and collabora- 
tors esta})lish('d the fact that the formation of such crystalline peroxides 
is not a peculiarity of rubnaie, but that it is typical for the anthracene 
nucleus. f]ven anthracene itself can be photo oxidized in solution to give 
the crystalline 9,l()-j)eroxidoanthracene. 

Up to the pr(\sent time the peroxides mentioned in the preceding para- 
graph have been regarded as more or less isolated cases, and no attempt 
has as yet been made to organize and review them under a common 
denominator. These peroxides have one structural feature in common: 
a 1,4-pcroxide bridge across a six-membered ring. All of them belong 
to a class of compounds which may be designated as transannular perox- 
ides. The readiness with which many of these peroxides are formed un- 
der the influence of light and air, as well as the ease with which some of 
them can rearrange into more stable compounds or release oxygen, strongly 
suggest that they may play an important role in biological oxidation proc- 
esses. 


II. ABCARIDOLE 

The longest known transannular peroxide is ascaridole, C 10 H 16 O 2 , which 
was recognized in 1908 (82) as the principal anthelmintic constituent of 
chenopodium oil. It is an oily liquid of unpleasant odor and taste. When 
heated under ordinary pressure to 130-1 50°C., it undergoes a violent 
decomposition during which the temperature rises suddenly to 250®C. 
Combustible gases, consisting chiefly of propane, are evolved, which when 
ignited can lead to serious explosions. Under a reduced pressure of 4-5 
mm., ascaridole distills at 83®C. without decomposition, but not without a 
certain amount of isomerization. Ascaridole is neutral and is indifferent 
to all reagents for hydroxyl and carbonyl oxygen. These properties at 
once indicate the peculiar character of ascaridole, which is without ana- 
log in the chemistry of ethereal oils. 
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The elucidation of the structure of ascaridole was mainly accomplished 
by Wallach (86) and Nelson (77). Formula I, proposed by Wallach in 
1912, best expresses the properties and reactions of this unusual compound. 

Hydrogenation of ascaridole with colloidal palladium proceeds with 
unusual rapidity to give p-menthane-1 ,4-diol (II) (86). Under suitable 
conditions the hydrogenation can be controlled to give dihydro products 
only. Richter and Prosting (79) demonstrated that the mild reduction of 
ascaridole with palladium saturated with hydrogen gives rise to a mixture 
of compounds containing 2-p-montheno-1 , 4-diol (III). Paget (78) con- 
firmed this observation but stated that the principal reduction product 
under such conditions is 1 ,4-peroxidomenthane (IV), which is also ob- 
tained as the solo product of the hydrogenation of ascaridole with a plati- 
num oxide catalyst. This observation is a very surprising one, since it 
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demonstrates that, contrary to all expectations, the double bond is hydro- 
genated in preference to the peroxide bridge. At present the 1 ,4-peroxido- 
menthane (IV) is the only known transannular peroxide of a completely 
saturated ring system. 

When heated in a cymene solution to 150®C., ascaridole isomerizos. One 
oxygen atom of the peroxide bridge splits off and adds to the double bond 
to give a dioxide (V) (77, 79, 85). Hydrolysis of the dioxide with dilute 
sulfuric acid leads to thnie different products, which are formed by the 
opening of one or the other or both of the oxide rings. The opening of 
both rings yields an ^‘erythritor^ (VI), the constitution of which was proven 
by its conversion to the dicarboxylic acid CioHigOe (VII) and 1 , 1-dimethyl- 
acctonylacetone (VIII). Hydrolysis of only the ethylene oxide ring gives 
^rise to 1 ,4-oxido-p-menthane-2,3-diol (IX), which yields ascaric acid (X) 
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on oxidation. Opening of the 1,4-oxygen bridge leads to the formation 
of 2,3-oxido-p-menthane-l,4-diol (XI). The constitution of this diol 
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was established by its sjnithesis from 2-p-menthene-l ,4-diol (III) and per- 
benzoic acid. 



TRANBANNX7LAB PBROXIBES 


371 


The action of an acid solution of titanous chloride on ascaridole (I) 
and dihydroascaridole (IV) has recently been studied by Paget (78). 
Ascaridole reacts with this reagent to give propane and p-cresol, each in a 
yield of about 30 per cent. The evolution of propane had already been 
observed by Nelson (77) during his attempts to reduce ascaridole with 
ferrous sulfate. The reduction of dihydroascaridole (IV) yields close to 
90 per cent of propane and l-methyl-3,4-oxido-l-cyclohexanol (XII). 
The formula for this new oxide is based on the observation that it gives 
the lactone of /3-hydroxy-/3-methyladipic acid (XIII) upon oxidation (78). 

Ascaridole has been shown by Marvel and collaborators (80) to be an 
active catalyst for the reaction between sulfur dioxide and olefins of the 
type RCH=CH 2 , and between sulfur dioxide and acetylenes of the type 
RC^CH. 


III. PEROXIDES OP STEROIDS 

The discovery of the first transannular steroid peroxide was a by- 
product of the early work on vitamin D. During the years 1927 to 1928 
Windaus and collaborators undertook a series of investigations with the 
object of effecting the conversion of ergosterol into vitamin D by light 
containing few if any ultraviolet rays. These studies were based on the 
working h 3 T)othesis that the ^‘naturaF^ formation of vitamin D from ergos- 
terol was caused by the action of sunlight of low ultraviolet intensity with 
the aid of certain naturally occurring sensitizers, such as plant pigments. 
In the first series of experiments, alcoholic solutions of ergosterol containing 
small amounts of chlorophyll, carotinoid pigments, and anthocyanidin 
pigments were exposed in the presence or absence of air to sunlight or the 
light of a strong electric light bulb. When these investigations failed to 
give tangible results, the natural pigments were replaced by synthetic 
sensitizers, such as eosin and erythrosin. It was during this series of ex- 
periments that it was discovered that the irradiation of an alcoholic solu- 
tion of ergosterol in the presence of eosin and air led to the formation 
of a stable, nicely crystalline compound of melting point 178°C. It con- 
tained two more oxygen atoms than ergosterol; since it liberated iodine 
from a solution of potassium iodide, it was regarded as a peroxide of 
ergosterol. 

The elucidation of the structure of the new peroxide was greatly retarded 
by a number of conflicting and confusing observations and it was not com- 
pleted until about ten years after the discovery of the peroxide. In the 
meantime other steroid peroxides were discovered, the structures of two 
of which were established without diflSculty. These peroxides are dehydro- 
ergosterol peroxide and 2,4-cholestadiene peroxide, and have been shown 
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beyond doubt to be transannular peroxides. Since the elucidation of their 
constitution has been instrumental in the final establishment of the struc- 
ture of (n'gosterol peroxide, their discussion will precede that of the latter. 

A. Dehydroergosterol peroxide 

Dehyuii>eigosterol (XV) is readily formed by the dehydrogenation of 
ergosterol (XIV) with mercuric acetate (97). Like ergosterol, it forms a 
nicely crystalline peroxide when irradiated in an alcoholic solution in the 
presence of eosm and oxygen (97). The peroxide shows no selective ab- 
sorption in the ultraviolet above 230 m/z. This observation excludes from 





XVI XVII 

further consideration all structures containing a system of conjugated 
double bonds, since they arc expected to show selective absorption be- 
tween 248 and 254 m^ (76). The structures XVI and XV H for the perox- 
ide are therefore at once eliminated. Of the remaining three possible struc- 
tures, one (XVI II) can be excluded by considering the results of the 
catalytic hydrogenation of the peroxide. This leads to the formation of 
an ergostenediol which can be acetylated to a monoacetate only. This 
observation proves that the diol contains a tertiary hydroxyl group besides 
the original hydroxyl group at Cs (70). A third hydroxyl group must have 
been eliminated during the hydrogenation. Since it is difficult to visualize 
how such a tertiary hydrox^d group could have been formed by the hy- 
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drogenation of a compound of structure XVIII, this structure can be elimi- 
nated from further consideration. Other investigations (76) on the con- 
stitution of the crgostenediol proved the presence of the tertiary hydroxyl 
group at Cs and hence eliminated formula XIX. Dehydroergosterol 
peroxide must therefore be a transannular peroxide of the structure XX. 




XVIII 


XIX 





XXII 


XXIII 


Hydrogenation of this peroxide to crgostenediol, for which structure XXI 
has been established, might conceivably go by way of a 3 ,5 ,8-triol, which 
is immediately dehydrated to form a double bond between Cg and Cg, 
which is very resistant to further hydrogenation. 

Structure XX also finds additional support in the results of the reduc- 
tion of dehydroergosterol peroxide with zinc in alkali (76, 93). This leads 
|to the formation of a compound with three double bonds, including the 
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original double bond in the side chain, one secondary hydroxyl group at 
Cj, and one tertiary hydroxyl group. This trienediol shows selective 
absorption in the ultraviolet; hence the two ring double bonds must be 
conjugated. Their conjugation must extend over two rings, since the 
compound fails to react with maleic anhydride in the normal manner. 
The properties of this trienediol are best represented by formula XXII. 
Its formation from dehydroergosterol peroxide has probably proceeded by 
way of a trienetriol (XXIII), elimination of the hydroxyl group at Cs, 
and shifting of the ring double bonds into conjugation. 

B, 2 j4^Cholestadtene peroxide 

The dehydration of cholesterol with alumina leads to the formation of 

2,4-cholestadicne, which contains two conjugated double bonds in ring A 
of the steroid ring system (XXIV) (83, 84). Photooxidation of this diene 
leads to one of two products, depending upon the light source (83). When 
a 200-watt Mazda bulb is used, a peroxide melting at 113- n4°C., is ob- 
tained. When, on the other hand, the photooxidation is carried out in the 
presence of sunlight, an isomeric substance melting at 172®C., is formed; 
this substance is not a peroxide but a ketone. 



CgHn 


XXIV 

2 , 4-Cholestadiene 


HaC 


/\1 


CH, CgHi, 


XXV 

2,4-Cholestadiene peroxide 


The catalytic hydrogenation of cholestadicne peroxide leads to the 
formation of a saturated diol, which contains a tertiary hydroxyl group 
since it gives a monoacetate only, and in which the hydroxyl groups 
cannot be in vicinal positions, since the diol fails to react with lead tetra- 
acetate. These observations prove structure XXVI for the diol and there- 
fore structure XXV for the peroxide. The alternative formulas for the 
peroxide, '-namely, those of a 2,3- or 4 , 5-peroxide, — can be excluded from 
consideration, because substances of such constitution would be expected 
to give either a diol devoid of a tertiary hydroxyl group or a diol oxidiz- 
able with lead tetraacetate. 

Wlien irradiated with sunlight, 2,4-cholestadiene peroxide rearranges 
into the same ketone which is obtained by the photooxidation of 2,4- 
cholestadiene in sunlight (7, 10). One can therefore assume that the 
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mechanism of the photooxidation of 2,4-cholestadiene in sunlight involves 
the formation of the peroxide, followed by its rearrangement into the 
ketone. It has been suggested that the rearrangement of the peroxide 
into the ketone is analogous to the isomerization of ascaridole (I) to the 
dioxide (V). Under the influence of sunlight, one of the oxygen atoms of 
the peroxide bridge of the 2,4-cholestadiene peroxide probably splits out 
and adds to the double bond between Cs and C4. The ethylene oxide 
may then rearrange into a Cr or C 4 -ketone (XXVII). 


C. Ergosterol peroxide 

The convincing proof for the transannular structure of two steroid per- 
oxides made it logical to assume that other steroid peroxides of similar 
properties are of the same character. For ergosterol peroxide, however, 
two fundamentally different structural formulas have been proposed. On 
the basis of their experimental work the group of Gottingen investigators 


CH3 CsHi, 


HO 


H3C 

\/\ 


/\i 




\/i\/ 

OH 


XXVI 


CH, CbHh 



(1, 76), as well as Heilbron (59), have come to the conclusion that the 
peroxide bridge in ergosterol peroxide is not transannular but is attached 
to Cs and Ce (XXVIII). Fieser (59), on the other hand, has concluded 
that the available experimental evidence can be better interpreted in 
favor of a transannular formula for ergosterol peroxide (XXXIII).^ 

The establishment of formula XXVIII for ergosterol peroxide has been 
based principally on the study of ergostadienetriol (97), “triol I,** which 
is obtained by the reduction of ergosterol peroxide with zinc in alkali. 
On heating with maleic anhydride, triol I isomerizes into 3, 5, 6-trihydroxy- 
ergostadiene, ^^triol II'' (XXXI). This triol, whose constitution has 
been well established, is also the product of hydrolysis of ergosterol mon- 
oxide (XXIX) (1, 98). The ease of rearrangement of triol I into triol II 
seemed to prove that the two compounds were not mere position isomers 
but were stereoisomers of the cis- and /mn^-decalin type. They were 
assigned the structural formulas XXX and XXXI, respectively. Heilbron 

* A similar suggestion was made by Luttringhaus (67) in 1931. 
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(50) gave as additional evidence in favor of such formulations the fact 
that both triols render the same diketo compound (XXXII) on oxidation. 



XXVIII 

Ergosterol peroxide 

Zn in 
KOII 


XXIX 

Ergosterol monoxide 

1 

KOH 


CH3 C9H17 CH3 C9H17 



0 

XXXII 


He reasoned that during the oxidation of triol I (XXX), the hydroxyl 
group at Cs had undergone inversion from the irans- into the czs-position 
with respect to the methyl group at Cio. It seems more logical, however. 
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to interpret the fact that both triols give the same diketo compounds as 
proof for the identical position of the hydroxyl group at Ct (7). 

Since the reactions mentioned above were thought to prove that triols 

I and II were stereoisomers, the conclusion was drawn that triol I had the 
formula XXX and that ergosterol peroxide carried a peroxide bridge at 
Cs and Ct (XXVIII). The formulation of triol I as a 3,5,6-trihydroxy 
compound can not, however, be readily reconciled with several of its 
properties. On acetylation it gives a monoacetate only (1), and on distilla- 
tion in vacuo it loses two molecules of water to give dehydroergosterol 
(97) (XV). In contrast, triol II (XXXI) forms a diacetate, and can be 
distilled without decomposition (98). It was first pointed out by Fieser 
(59) that these observations strongly indicate the presence of two tertiary 
hydroxyl groups in triol I and favor its formulation as a 3,5,8-triol 
(XXXIV), which obviously must have been derived from a transannular 
peroxide (XXXIIl). The transformation of triol I (XXXIV) into triol 

II (XXXV) is explained by Fieser on the basis of an allylic shift. 

Fiescr^s formulas for ergosterol peroxide (XXXIIl) and triol I (XXXIV) 

are the most logical expressions for all the known properties of these (com- 
pounds. The fact that triols I and II form the same oxidation product 
does not contradict Fieser\s formula for triol 1. It is quite conceivable 
that, as the first step of oxidation of triol I (XXXIV), a 3-ketotetrahydroxy 
compound is formed (XXXVl), which loses, first, one moUccule of water 
to give a diketodiol (XXXVII) and then a second molecule of water to 
give Heilbron^s diketone (XXXVIII) (7). 

Ergosterol peroxide is surprisingly stable up to 170®C., but at 185- 
190°C. it undergoes isomerization (67, 94). The isomer, C28H44O3, lacks 
all the (characteristic properties of a peroxide. Acetylation and reaction 
with methylmagnesium iodide show the presence of one hydroxyl group 
(Cs). A second oxygen atom belongs to a keto group, for the isomer gives 
a monoxime. The third oxygen atom, which is unreacti^'e, is regarded as 
oxide oxygen. 

The thermal isomerization of ergosterol peroxide is strongly reminiscent 
of the thermal rearrangement of ascaridole and the photorcarrangement of 
2 , 4-cholestadiene peroxide. As in the case of the isomerization of these 
two peroxides, the rearrangement of ergosterol peroxide is probably due to 
a change from a peroxide to an oxide bridge and an addition of oxygen to a 
double bond to form first an epoxide and then a ketone. Since ergosterol 
peroxide has two double bonds, the addition of oxygen may take place 
either at the ring double bond or at the double bond in the side chain to 
give compounds of the possible structures XXXIX or XL. Because of 
the failure of the isomer to yield 1,2-dimethylbutyraldehyde (61) upon 
9zonization, the latter formula is to be preferred. 




XXXIII 

Ergosterol peroxide 
Zn in KOH | 





XXXVII 
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CH, CH, 

I I 



XLI 

(a) R = C»Hi, 

(b) R= CgH„ 

(c) R = OH 

D. Other steroid peroxides 

Three other steroids with a constitution similar to that of ergosterol have 
given crystalline peroxides upon photooxidation in the presence of a sen- 
sitizer, They are the peroxides of 22-dihydroergo8terol (96), 7-dehydro- 
cholesterol (81), and 5,7-androstadienediol (11). Although few data have 
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as yet appeared concerning the constitution of these peroxides, it appears 
logical to assume that they are of transannular character with a peroxide 
bridge between Cs and Cg (XLI, a to c). 

IV. AROMATIC TRANSANNULAR PEROXIDES 
A, Preparation 

Most of our present-day knowledge of the preparation, properties, and 
constitution of aromatic transannular peroxides is based on the results of 
a series of systematic studies which have been carried out under the direc- 
tion of Mourcu and Dufraisse. These studies began about fifteen years 
ago with an investigation of the properties of the hydrocarbon rubreiie. 
This red polynuclear substance, C 42 H 28 , was first prepared in 1926 (70) 
by the removal of hydrochloric acid from (phenylethinyl)diphonylmethyl 
chloride (XLII). Moureu and collaborators (70) observed that solutions 
of this hydrocarbon rapidly lose their color and fluorescence when exposed 
to sunlight or artificial light in the presence of air. Concentration of such 
decolorized solutions leads to the precipitation of a compound of the 
formula C 42 H 28 O 2 plus solvent of crystallization (72) and possessing the 
properties of a peroxide. 

When this compound is heated in vacuo a reversal of the reaction takes 
place; under luminescence (71) the peroxide dissociates into rubrene, 
solvent of crystallization, and oxygen. The dissociation is not a quantita- 
tive one, since not more than 80 per cent of the theoretical amount of 
oxygen is obtained. The evolution of carbon dioxide during the reaction 
indicates that approximately 5 per cent of the peroxide undergoes decom- 
position. Extension of these investigations to a number of derivatives of 
rubrene, the “rubenes,^* established the fact that the ability to add oxygen 
in the presence of light is a general property of this class of compounds. 

Because the exact constitution of rubrene remained unknown for a 
number of years, the structure of rubrene peroxide was not fully estab- 
lished until 1936. By that time evidence had accumulated (17) which 
proved that rubrene is 5,6,11 ,12-tetraphenylnaphthacene (XLIII), and 
that the other hydrocarbons of the rubene series are also derivatives of 
naphthacene. This new formulation at once suggested that the new 
peroxides are either 1 ,2- or transannular (1 ,4) peroxides. Hydrogenation 
experiments, which will be discussed later, proved conclusively the trans- 
annular character of these peroxides and hence the correctness of formula 
XLIV for rubrene peroxide. 

The discovery that linear polynuclear aromatic hydrocarbons are prone 
to undergo photooxidation was not entirely new. As early as 1867, 
Fritzsche (60) made the observation that solutions of naphthacene are 
rapidly decolorized in the presence of light and air to give a crystalline 
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material which regains color on fusion. In the light of the observations 
of Moureu and Dufraisse, it must be assumed that Fritzsche’s compound 
was naphthacene peroxide. In 1930 Clar and John (13) found that 
pentacene (L) is so rapidly photooxidized to a peroxide that they recom- 
mended that one refrain from working with solutions of this hydrocarbon in 
broad daylight. This tendency to undergo oxidation is even more pro- 
nounced in the case of hexacene (14). The transannular formula for penta- 
cene peroxide (LI) suggested by Clar and John (13) appears to be justified 
because of its analogy to the structure of naphthacene peroxide. 

On the basis of the experience gained during the study of naphthacenes, 
Dufraisse formulated the hypothesis that the ability of these hydrocarbons 
to add oxygen is intimately connected with the activity of their meso- 
positions. Since such meso-positions are also present in the anthracene 
molecule, Dufraisse decided upon an extension of his investigations to 
anthracene and its derivatives. He at once made the surprising discovery 
that not only meso-substituted anthracenes but anthracene (29, 30) itself 
is readily photooxidized to give a nicely crystalline transannular peroxide 




L 

Pentacene 


/\/\ 


^\/\ 


LI 

Pentacene peroxide 


(LII). Dufraisse justifiably prides himself (18) that it was his working 
hypothesis which led him to the discovery of this interesting reaction. It 
seems indeed astonishing that anthracene peroxide should have escaped 
the attention of so many investigators, for the photochemistry of 
anthrac^ene has been extensively studied in relation to the formation of 
dianthracene. 

Dufraisse’s discovery was greatly facilitated by his choice of carbon disul- 
fide as a solvent in which to carry out the photooxidation. The rate of 
oxidation in this solvent far exceeds that in other solvents which have so 
far been testt^i (22). Table 1 shows the comparative rates of oxidation of 
uniform quantities of rubrene in different solvents. The rates were meas- 
ured either in terms of time required for complete decolorization of the 
solutions or in terms of changes in concentration in a given time. The 
rate of oxidation in benzene was used as standard. 

The transannular peroxides of the naphthacene and anthracene series 
which have so far been prepared are listed in tables 2 and 3. All efforts 
to bring about the formation of photoperoxides in the phenanthrene, 
naphthalene (41), or acridine (33) series have been unsuccessful. This 
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failure again demonstrates that the ability to form photoperoxides is 
dependent upon the meso additive activity of aromatic hydrocarbons and 
their derivatives. There exists an intimate relationship between the 
ability of such compounds to add maleic anhydride and to add oxygen 
in the presence of light. Polycyclic aromatic compounds which form 
transannular peroxides also form addition products with maleic anhydride. 
It can also be assumed that compounds which fail to give the Diels-Alder 
reaction will also lack the ability to form photoperoxides. O^Q-Dianthryl 
and 10,10-diphenyl-9,9-dianthryl (49), for example, react neither with 
maleic anhydride nor with oxygen in the presence of light, a fact which 
indicates the disappearance or great reduction of ihe meso activity in 
these compounds. 


TABLE 1 


Comparative rates of oxidation of ruhrene in various solvents 


SOLVBNT 

COMPARATIVU RAT1I8 

OF OXIDATION 

Carbon disulfide 

9 

Chloroform 

3 

Methyl iodide 

1 

Benzene 

1 

Acetone 

1 

Ethyl ether 

0 5 

Anisole 

0 4 

Pyridine 

0 25 

Nitrobenzene... 

0 1 

75% CS, + 25% ether 

2 

60% CS, + 50% ether 

1 


B, Photooxidation of carcinogenic hydrocarbons 

Since the most important carcinogenic hydrocarbons are substituted 
anthracenes, it is of considerable interest to know whether they also can 
undergo photooxidation to form peroxides. It has been known for some 
time that solutions of a number of carcinogenic hydrocarbons are photo- 
sensitive. Moreover, it has been observed by Boyland (9) that alkaline 
extracts of such hydrocarbons which had been exposed to light and air 
arrest the activity of certain enzymes. It has also been found by Maisin 
and de Jonghe (68) that light accelerates the production of skin tumors in 
mice treated with 3,4-benzopyrene. 

Independent investigations by Velluz (99), Cook (12), and the authors 
of this review (8) failed to find a way for the preparation of the peroxides 
of 1,2,5,6-dibenzanthracene and methylcholanthrene. In order to as- 
certain whether a small amount of peroxide is formed which might escape 
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isolation, Velluz (99) irradiated the two hydrocarbons, dissolved in carbon 
disulfide, in an apparatus permitting measurements of the oxygen uptake. 
The reluctanc(‘ of these hydrocarbons to add oxygen was indicated by the 
fact that no appreciable a})Sorption had taken place even after two weeks 
of irradiation. In the case of 1 ,2-benzanthraccne (12), 9 , 10-diphenyl-l ,2- 

TABLE 2 

Tran8annular-{6 jliy peroxides of naphthacene and derivatives 

10 11 12 1 

q/yyY^ 

\/\/\/\/^ 

7 6 5 4 

Naphthacene 


PSBOXIDE OF 

DISSOCIA- 
TION IN 
PER CENT 
or OXTOBN 

REFER- 

ENCES 

Naphthacene . 

0 

(31) 

6,ll”Biphenylnaphthacene . 

0 

(39) 

6, 11-Biphenylnaphthacene. 

0 

(32) 

5,6, 1 1-Triphcnylnaphthacene 

15 

(21) 

6,6,11, 12-Tetraphenylnaphthacene (rubrene) 

80 

(70) 

5, ll-Di(p-tolyl)-6, 12-diphenylnaphthacene* 

70 

(40) 

6,6, 11, 12-Tetraphenyl-2,8-dimcthyInaphthacene* 

66 

(37) 

ll-(p-Tolyl)-6,6,]2-triphenyl-2-methylnaphthacene 

64 

(37) 

5,11 -Di (p-tolyl)-6, 12-diphenyl-2, 8-dimethylnaphthacene 

74 

(40) 

5, 1 1-Di (/3-naphthyl) -6, 12-diphenylnaphthacene 

80 

(76) 

5, 11-Di (p-bromophenyl)-6, 12-diphenylnaphthacene* 

69 

(24) 

5, 11 -Di(p-bromophenyl)-6, 12-diphenyl -2, 8-dibroino- 



naphthacenc 

50 

(43) 

6,11,6, 12-Tetra-(p-bromophcnyl)-2,8-dibromonaphthaccne 

76 

(44) 

6, ll-Di(p-raetho\yphenyl)-6, r2-diphenylnaphthacene 

52 

(23) 

5, ll-Di(p-carboxyphenyl)-6, 12-diphenylnaphthacene 

59 

(25) 

6, 11-Di phenyl -6, 12-di (biphenyl )naphthacene 

70 

(62) 

2,6,8, 12-T ctraphcnyl-5 , 1 1-di (biphenyl )naphthacene 

70 

(51) 

l,2,3,4-Tetrahydrc>-6,ll-diphenylnaphthacene. . .. 

80 

(32) 

6, 6 , 1 2-Triphenyl-l 1-carbcthoxynaphthacene 

44 

(6) 

5, 11 -Diphenyl-6, 12-dicarbethoxynaphthacene 

15 

(38) 


* These peroxides undergo isomerization (see page 387). 


benzanthracene (101), and l,2,3,4“tetrahydro-9, 10-diphenyl-l ,2-benz- 
anthracene (101), indications of the formation of peroxides were found, 
but contaminations hindered their isolation. Better results were obtained 
with meso-dimethyl-substituted hydrocarbons. One of the most rapidly 
acting carcinogenic hydrocarbons now known is 9,10-dimethyl-l ,2-benz- 
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anthracene. Since Bachmann (5) had shown that this hydrocarbon 
possesses a surprisingly high meso additive activity toward maleic an- 

TABLE 3 

Transannular-(0 j 10)-peroxid€s of anthracene and derivatives 

\A/U® 

6 10 4 

Anthracene 


PKROXIDU OF 

DI8BOCIA- 
TION IN 
PER CENT 
OP OXYGEN 

REFERENCES 

Anthracene 

0 

(29, 30) 

O-Me thy Ian thr acen e 

0 

(91) 

9-Ethylanthracene 

0 

(91) 

9, lO-Dimethylanthracene 

0 

(91) 

9-Methyl-lO-ethylanthraceno 

0 

(91) 

9-Cy cl ohexy 1 an t h racen e 

0 

(92) 

9-Pheny I anthracene 

12 

(48) 

9-Phenyl-lO-methylanthraccne 

20 

(90) 

9-Phenyl-] O-ethylanthraccne 

35 

(90) 

9-Phenyl-lO-cyclohexylanthraccne 

48 

(92) 

9, 10-Diphenylanthracene 

96 

(27, 36^ 

9, 10-Di(o-tolyI)anthracenc (impure) 

83 

(89) 

9, lO-Di (w-tolyl)anthraccne 

94 

(89) 

9, 10-Di(p-tolyl)anthracene 

94 

(89) 

9 , lO-Di-a-naphthylanthracene 

90 

(88) 

9 , l()-Di-/9-naphthylanthracenc 

95 

(88) 

9,10-r)iphenyl-2-bromoanthracene 

91 

(100) 

9, 10-Di phenyl -2-carboxy anthracene 

91 

(100) 

9,10-Diphenyl-2-carb()methoxyanthracene 

92 

000) 

9, 10-Diphenyl-l , 4-dimethoxyanthracene 

98 

(47) 

9-Phenyl-lO-carbomcthoxyanthracene 

60 

(48) 

9, 10-Dimethoxyanthracene 

0 

(42, 46) 

1 , 2-Benzanthracene (impure) 


(12) 

9, 10“h)iphenyl-l, 2-benzanthracene (impure) 


(101) 

9, 10-Diphenyl-l , 2 , 3, 4-tetrahydro-l ,2-benzanthracene 



(impure) 


(101) 

9, 10-Dimethyl-l , 2-benzanthracene 



5,9, lO-Trimethyl-l , 2-benzanthracene 


(12) 

6,9, lO-Trimethy 1-1 , 2-ben zan thracene 


(12) 

5,6,9, 10-Tetramethyl-l,2-bcnzan thracene 


(12) 

Q lO-Dimethvl-1 2 .5 fi-dibenzanthracene 


(12) 


hydride, Cook (12) felt that its photoperoxide might be more readily 
• formed. This indeed proved to be the case, and equally satisfactory 
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results were obtained with 5,9,10-trimethyl-, 6,9,10-trimethyl-, and 

5.6.9. 10- tetramethyl-l , 2-benzanthracene and 9 , 10-dimethyl-l ,2,5, 6-di- 
benzanthracene. The fact that such highly carcinogenic hydrocarbons are 
readily photooxidized makes untenable the assumption of Velluz (99) 
that the carcinogenic activity of dibenzanthracenc and of methylcholan- 
threne is in some way related to their ability to resist photooxidation.® 

C. Photooxidaiion of various derivatives of anthracene 

Derivatives of anthracene carrying one halogen atom in a meso-position 
as, for example, 10-bromo- and lO-iodo-9-phcnylanthracene, undergo 
photooxidation (48). During the reaction, however, some halogen splits 
off and the peroxides can not be isolated in a pure form. Photooxidation 
of 9 , 10-dihydroxy anthracene does not lead to the formation of a crystalline 
peroxide (42). The disodium salt of this compound, as was already shown 
by Manchot (69), autoxidizes rapidly even in the dark. Dufraisse (42) 
was unable to detect the presence of a peroxide during the course of tliis 
reaction. The peroxide of 9 , 1 0-dimethoxyanthracene has been made, 
although considerable difficulties were encountered in its preparation (42). 
It melts with the formation of anthraquinone, but can be sublimed in 
vacuo at 80®C. In the presence of light and air, it is rapidly oxidized to 
anthraquinone. 

Photooxidation of 5 , 1 l-di(p-carboxyphenyl)-G , 12-diphc‘nylnaphthacene 
gives a peroxide wliose salts are water-soluble (25). 

D. Reactions of the peroxides 

(/) Reduction ~ -Vpon catalytic hydrogenation the peroxides add 1 mole 
of hydrogen to yield the corresponding meso-dihydroxy derivatives. Thus 
the peroxides of anthracene, 9,10-diphenylanthracene, and mbrene give 

9 . 10- dih\'dro-9 , 10-dihydroxy anthracene, 9 , 1 0-diphenyl-9 , 1 0-dihydroxy- 
anthracene, and 6 , 1 l-dihydroxy-5 ,6,11,1 2-tetraphenylnaphthacene 
(XLV) (34). The first two hydroxides have been known for some time; 
the last one has more recently been prepared by the action of phenyl- 

* Note added %n proof: Since this paper was submitted an article has come to the 
attention of the reviewers (Cook, J. W., and Martin, R. H. : J, Chem. Soc. 1940 , 
1125) which contains a more detailed discussion of the peroxides of the 1,2-benzan- 
thracene series. Cook and Martin found that an ordinary gas-filled 200-watt lamp 
furnishes a convenient source for the facile photobxidation of derivatives of 1,2- 
benzanthracene. They also demonstrated that derivatives with only one meso- 
substituent (9-methyl-, 10-methyl-, and lO-isopropyl-l, 2-benzanthracene) give 
peroxides, although less readily than the 9,10-di8ubstituted compounds. The 
peroxides are not carcinogenic, for tumors did not result from injection into mice 
of suspensions in sesame oil of the pure peroxide of the highly carcinogenic 9,10- 
dimetbyl-1 ,2-benzanthracene. 
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lithium on 6,ll-diphenyl-5,12-naphthacenequinone (3) and by the action 
of potassium permanganate on rubrene (20). The formation of the meso 
dihydroxides proves conclusively the transannular nature of the peroxides. 

Upon moderate heating the dihydroxide (XLV) loses one molecule 
(20) of water to give an oxide of the probable structure XVI. The same 
oxide is also formed by the reduction of the peroxide XLIV (16, 74) with 
zinc in glacial acetic acid. The oxide is a stable compound which melts 
without decomposition. Upon reduction it yields rubrene and upon oxida- 
tion it forms o-dibenzoylbenzene. 

Dehydration of the dihydroxide under the influence of strong mineral 
acids leads (16) to the loss of two molecules of water and cyclization to a 
hydrocarbon of the probable structure XLVIII. 

Isomerization . — Under the influence of certain reagents, such as 
magnesium iodide and strong mineral acids, peroxides of the naphthacene 
series undergo rearrangement. Addition of magnesium iodide (16, 19) 
to an ethereal solution of rubrene peroxide brings about an exothermic 
isomerization which is complete in about 5 min. The isomer no longer 
gives the reaction of a peroxide. It does not lose oxygen when heated; 
in fact, it can be distilled in vacuo without decomposition. Since it reacts 
neither with carbonyl nor with liyd**oxyl reagents, Dufraisse (16) regards 
it as a transannular 5,12,6,11-dioxide of the structure XLVII. This 
rearrangement of a peroxide into a dioxide is strongly reminiscent of the 
isomerization of ascaridolc. The peroxides marked with asterisks in table 
2 undergo analogous isomerization (53, 54, 57, 58). 

The dioxide (XLVII) reacts with Grignard reagents (16) to give a variety 
of compounds, from which the monoxide (XL VI), the dihydroxide (XLV), 
and rubrene have been isolated. In the presence of an excess of metallic 
magnesium, one phenyl group is eventually split off and5,6, 12-triphenyl- 
naphthacene (XLIX) and phenol are obtained, the latter in an almost 
quantitative yield (21). 

When treated with strong acids, rubrene peroxide (54) undergoes a 
different rearrangement, which as yet is poorly understood. The new 
isomer melts without decomposition and loss of oxygen and shows the 
presence of one hydroxyl group. Treatment with zinc in glacial acetic 
acid transforms this isomer into the polynuclear hydrocarbon of struc- 
ture XLVIII. 

All attempts to rearrange the peroxide of 9,10-diphenylanthracene in 
an analogous manner have so far been unsuccessful (36). This failure 
may be due to the absence of a suitable ^‘receiver^^ for one of the oxygen 
atoms in the anthracene molecule or to the instability of a transannular 
oxide linkage in the anthracene molecule. It has not yet l^een possible 
(Pl) to prepare 9 , lO-diphenyl-9 , 10-oxidoanthracene, either by partial 
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reduction of the corresponding peroxide, hy mild dehj^dration of the cor- 
responding diliydroxy compound, or by oxidation of 9,10-diphenyl- 
anthracene. 

(3) Reactions with acids . — Anthracene peroxide (LI I) reacts (30) with 
hydrochloric acid to give cliloroanthrone (LIII) and with hydrobromic acid 
to give bromoanthrone or 9 , 10-dibromoanthracene, depending on the 
concentration of the acid. 


E. Dissociation of peroxides 

Moureu and Dufraisse consider as one of the outstanding properties of 
rubnnu' p(‘roxides, as well as of analogous (‘ompounds, their ability to dis- 
sociate on heating into oxygen and the parent h^^drocarbon. In the case 
of ruhrene xieroxide, this dissociation is alrc^ady noticeabk^ at room tem- 
peratur(‘ (73). TS'umerous quantitative studies on the thermal decomposi- 
tion of p(4-oxides hav(' been ('arried out by the French iuvejstigators, using 
the following technic|ue: A weighed amount of the peroxide is placed in a 




\XiK/ 


LII 

Anthracene peroxide 


0 


/' 


/\ 


H Cl 
LIII 

Cliloroanthrone 


glass tube connecti'd with a U-tube, a gas-measuring device, and a vacnium 
pump. After evacuation of the apparatus at room temperature, the 
ll-tube is cooled to about — 70°C., and the peroxide gently heated. The 
LT-tube serves to condense the solvent of ciystallization which is present 
in many peroxides. After the completion of the reaction at 220-250®C., 
the collected gas is analyzed for oxygen and carbon dioxide. Application 
of this mc'thod to almost all peroxides prepared by the French investigators 
brought out the fact that there exist marked differences in dissociability. 
The amounts of oxygen recovered from the various peroxides have been 
recorded in tables 2 and 3. 

The data demonstrate that the dissociability of the peroxides is greatly 
influenced by the nature of the substituents in the meso-positions. Only 
the peroxides of 9,10-diaryl-substituted anthracenes yield an almost quan- 
titative amount of oxygen. The dissociability of 9,10-diphcnyl-l,4- 
dimethoxyanthraeene peroxide is of unusual magnitude (47). At room 
temperature this compound dissociates to the extent of 25 per cent in 10 
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days, 55 per cent in 30 days, and 78 per cent in 40 days. Furthermore, 
its quantitative dissociation takes place in a few minutes at 80®C., in 
contrast to many other peroxides whose dissociation is barely perceptible 
below lOO^C. Replacement of one of the aryl groups by an alkyl group 
or hydrogen greatly reduces the dissociability of the peroxides, and replace- 
ment of both groups leads to peroxides showing no recognizable dissocia- 
tion. In all probability, complete thermal dissociation takes place in all 
instances. In the case of peroxides with hydrogen or alkyl substituents 
in the meso-position, however, this dissociation is not detectable by the 
technique employed, because the liberated ojcygen is at once consumed in 
the oxidation of the molecule. Thus anthracene perovide on heating does 
not decompose to give anthracene and oxygen but yields a considerable 
amount of anthraquinone. 

Thermal dissociation of 5,6,11, 12-tetraaryl-substituted naphthacene 
peroxides gives from 60 to 80 per cent of the theoretical amount of oxygen. 
This yield is low when compared with that of mcso-diaryl-substituted 
anthracene peroxides. The reviewers believe that this is due to a partial 
rearrangement of the peroxide into a non-dissociable dioxide (XVIIl), 
an isomerization which fails to take place in the case of anthracene 
peroxides. 

Dufraisse (16, 18) has offered elaborate discussions concerning the 
thermal dissociation of the peroxides and its biological implications. In 
the opinion of the reviewers, however, the importance of this rcac^tion is 
overrated. As has been stated several times in this review, there exists an 
intimate parallel between the addition of maleic anhydride and the photo- 
addition of oxygen to polycyclic hydrocarbons. Bachmann (4) has dis- 
closed that the addition of maleic anhydride to hydrocarbons containing 
the anthracene nucleus is a reversible reaction. He found, for example, 
that the heating of a mixture of equimolecular proportions of maleic an- 
hydride and 3-methylcholanthrene in boiling xylene led to the formation 
of an adduct in a yield of 22 per cent. The identical equilibrium mixture 
of hydrocarbon, maleic anhydride, and adduct was obtained by heating a 
xylene solution of the pure adduct. It seems to the reviewers that the 
application of similar quantitative methods to the study of the photo- 
oxidation of hydrocarbons containing an anthrac^ene nucleus is very de- 
sirable. It would be more advantageous to study the reversibility of 
the peroxides on the basis of equilibrium mixtures than on the basis of a 
thermal decomposition which does not give very illuminating results. 
The fact that the photooxidation of a number of hydrocarbons does not go 
beyond a certain yield of peroxide strongly indicates the existence of 
equilibrium mixtures. 
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F, Photooxidaiion of 1 yS-diphenyliaobemofuran 

It has long been known that 1,3-diphenylisobenzofuran (LIV) is readily 
photooxidized to o-dibenzoylbenzene (LVII). Since the furan possesses 
an o-quinonoid system and adds maleic anhydride readily in the 1,3- 
position (2, 87), it might be expected that the first product of photooxida- 
tion is a transannular peroxide (LV). All attempts, however, have so 
far failed, either to isolate such a peroxide or to prove its presence. It is 
conceivable that the peroxide, immediately after its formation, gives off 
one atom of oxygen with the formation of an oxide bridge (LVI), and that 
the oxygen is added to a molecule of 1,3-diphenylisobenzofuran to form 
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a second molecule of the dioxide. The dioxide would then rearrange into 
o-dibonzoylbenzene. This hypothesis receives support from the observa- 
tion that the oxidation of 1 ,3-diphenylisobenzofuran to o-dibenzoylbenzene 
can be carried out with one mole of perbenzoic acid (8). 

G. Peroxides of doubtful structure 

Apart from the peroxides mentioned in the preceding paragraphs, other 
peroxides of supposed transannular structure are now and then mentioned 
in the literature. These peroxides have been made almost exclusively by 
methods other than photooxidation, and the transannular structure is not 
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based on convincing evidence. Thus Drew and Garwood (15) have pro- 
posed the provisional structure LVIII for the barium salt of the peroxide 
of phthalaz-l,4-dione. Julian and collaborators (65, 66) observed that 
the passage of oxygen through a moist ethereal solution of 10-benzylan- 
thranol (LIX) leads to the formation of a compound which they believe 
to be a transannular peroxide (LX). Heating of the compound resulted 
in the formation of anthraquinone, benzaldehyde, and benzyl alcohol. 
The reviewers hold, however, that the available evidence is not sufficient 
to prove beyond doubt the transannular character of the oxidation product 
of 10-bcnzylanthracene. 
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V. CONCLUSION 

As has been shown in the preceding paragraphs, there exist a number of 
organic compounds which are endowed with the ability to fix oxygen in the 
presence of light to form peroxides of often surprising stability. In all 
instances the addition takes place across a ring in a 1,4-position to give 
transannular peroxides. In the case of ascaridole, it may be assumed that 
this peroxide is the result of the addition of oxygen to a-terpinene. All 
substances which have been found to give transannular photoperoxides 
possess a system of conjugated double bonds in one ring; hence they absorb 
ultraviolet or visible light and add maleic anhydride. 

Many of the peroxides which have been described undergo rearrange- 
ipent under the influence of either heat or light to give a variety of products. 
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The first step in this rearrangement consists in a change from the peroxide 
to an oxide bridge and an addition of the “free” oxygen atom to a suitable 
receiver, sucli as a double bond in the molecule. The oxides may then be 
rearranged to ketones. It appears probable that a number of biological 
oxidations may i)roceed by way of addition of oxygen to a cyclic diene 
system and subseqiK'nt rearrangement of the ensuing transannular per- 
oxides. The formation of numerous alcohols and ketones of the terpene 
series from terpene hydrocarbons may be readily conceived in such a 
manner. In closing, it may be pointed out that a number of compounds 
which can b(‘ photooxidized to give transannular peroxides also give a 
definit(‘ light ix'action in the absence of air. Thus anthracene andl,3- 
diphenylisobcnzofuran arc dimerized by light, and ergosterol and similar 
steroids are dehydrogtmated to give compounds with two steroid ring 
systems attached to ea(*h other (G3). 
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I. INTRODUCTION 

The characterization of blood as a part of the ^^milieu int6rieur^’ was 
developed by the great nineteenth-century French physiologist, Claude 
Bernard. The circulating fluid of the body constituted, from his point of 
view, the environment of the other tissues. Its functions arc now asso- 
ciated with the transport of oxygen as well as of the substances necessary 
as elements of tissue structure; with the removal of carbon dioxide and 
waste products; with tlie balance of water and electrolytes; and with the 
hormonal control of bodily processes. 

Succeeding generations of physiologists have added greatly to our knowl- 
edge regarding blood. Meanwhile, the phenomena of immunity were 
discovered. These phenomena have been correlated on the one hand with 
resistance to infectious diseases and on the other with changes in the com- 
position of the blood, involving both its cellular and its extracellular con- 
stituents. The microscope reveals blood cells of various kinds, among 
them white cells, or leucocytes, associated by Metchnikoff with phagocytic 
activity, and red cells, or erythrocytes, which contain hemoglobin, the 
protein of the blood which, by virtue of its complex prosthetic, iron-con- 
taining group, carries oxygen to the tissues. Besides hemoglobin, the red 
blood corpuscles contain a number of other proteins present in much 
smaller amount and performing quite different functions, many of them 

‘ Delivered before the Chapter of Sigma Xi of Brown University, in Providence, 
Rhode Island, February 10, 1941. 

* So many of my colleagues in this department have contributed to our knowledge 
of the plasma proteins that this report reflects the activities and thoughts of all of us. 
Dr. J. L. Oncley has made most of the ultracentrifugal analyses and Drs. S. H. 
Armstrong, Jr , J. M. Newell, and J. A. Luetscher, Jr., most of the electrophoretic 
analyses that are reported on the fractions purified by them or by Drs. T, L. 
McMeekin, J. D. Ferry, L. Pillemer, W. L. Hughes, L. E. Strong, R. M, Ferry, A. A. 
Green, Mrs. M. H. Blanchard, and Mr. J. H. Weare. 
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enzymatic. Among the latter are such enzymes as a phosphatase and a 
carbonic anhydrase. These and other constituents of blood cells may be 
considered as j)arts of a tissue circulating in and in equilibrium wdth the 
non-cellular constituents of the blood. Many of the substances concerrud 
with the physiologi(*al and the immunological functions of the blood arc 
among its extracellulai' (*onstituents and are also protein in nature. 

Th(' cells of the blood arc readily separated from the rest of this tissue 
by permitting the blood to clot. The proteins involved in this complex 
coagulation i)h(uiomenon include prothromliin and fibrinogen. The re- 
treating clot yields most of the other plasma proteins in an amber-colored, 
trans])arent, acpieous serum. Provided the blood is withdrawn with care 
and citrate or oxalate added, clotting is prevented. The cells may then 
be separated from tlu' blood by sedimentation or (*entrifugation, yielding 
a cl(\ar, transjian'iit fluid, the plasma. 

''Phe main constituent of plasma, as of se^um and most other tissues, is 
water. Each liter of plasma contains over 900 vx\ of water.® Py far the 
most copious constituents of plasma, other than water, are the proteins. 
These nitrogenous molecules are of such large molecular size that, under 
normal conditions, they do not pass through the walls of cells which arc 
freely j)ermeable to water, electrolyses, and smaller organic molecules. 
They are diverse in form and function. Some, as wo have seen, are con- 
cerned with the clotting of the blood; certain others with immunity from 
disease. Some are primarily concerned in maintaining the osmotic pres- 
sure and thus the water balance of the body; some have pronounced am- 
photeric or dielectric properties. Some are hormones, others are enzymes, 
and the functions of many remain to be discovered. The last quarter- 
century has been marked by great advances in the chemistry of the proteins. 
It is our purpose in this discussion to consider the plasma as a system with 
many protein components and to explore, in the light of recent advances, 
both the chemical nature and the physiological functions of the protein 
components. 


II. THE FIBEINOGEN COMPONENT OF PLASMA 

The protein present in plasma varies somewhat in amount from species 
to species. Thus normal human plasma contains between 6 and 7 per 
cent protein, and fibrinogen is present to the extent of approximately 6 
per cent of the total protein (table 1) (24, 41). The amount of this protein 
varies, like that of other proteins, not only from species to species, but also 
in certain diseases (72, 2, 44, 41, 40). The observation that there is wide 

* In the drying of frozen plasma, a large part of the cost of the process depends 
upon the work necessary to freeze and evaporate this much water for every 60 or 
70 g. of protein. 
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variation in a protein constituent of the plasma suggests that we should 
consider carefully on the one hand the chemical nature of the molecule, 
and, on the other hand, the function that it serves. 

Double refraction of flow and the shapes of 7nolecules 

Among the characteristics of the fibrinogen molecule is its long, rod-like 
shape. Its molecular weight is not especially large, being of the same 
order as that of serum globulins. Fibrinogen reveals double refraction of 
flow (3). That is to say, its molecules are asymmetric and are oriented 
in a stream flowing with a sufficient velocity, i)recisely as are the logs in a 
fast flowing stream (54, 48). This streaming birefringence, in so far as it 
does not vanish when the refractive index of the medium is equal to that 
of the molecule, indicates that fibrinogen has a mierocrystallinc structure 
and that its molecules are many times longer than they are bioad. If the 
fibrinogen of the blood may be compared to the oriented logs of a fast 
flowing stream, the clot ma 3 ^ bo thought of as a log jam. 

Solubility and the salting ouV of proteins 

One of the conventional methods of separating the proteins from plasma 
and from each other is by their fractional precipitation with neutral salts. 
The precipitation of proteins by neutral salts has been employed ever 
since the middle of the last century (59, 78, 1). ‘^Salting out^' depends 
upon the character of the neutral salt as well as of the protein (71, 29, 16, 19, 
22, 53, 28, 30). Thus ammonium sulfate, when added in sufficient amount, 
will bring about precipitation of essentially all plasma proteins (4, 69). 
Sodium chloride will precipitate only a few, but fibrinogen is readily ‘‘salted 
out'^ by sodium chloride and is under most circumstances the first protein 
to be separated from plasma by salt or by most other prokiin precipitants. 

The solubility of fibrinogen or of any other purified protein in concen- 
trated salt solution is given by the relation 

\ogS^&--K.p ( 1 ) 

where S is the solubility of the protein and m the ionic strength of the 
solution (5). In figure 1 the logarithm of the solubility of fibrinogen 
in solutions of various salts is plotted as ordinate and the ionic strength 
as abscissa. The slope of each curve, is a function of the protein and 
the neutral salt and is independent over wide ranges of pH and tempera- 
ture. Among neutral salts those with monovalent cations and polyvalent 
anions precipitate proteins at lower concentrations. Ammonium sulfate 
and potassium phosphate solutions are conveniently used, the latter having 
the property of simultaneously controlling the acidity or pH (6, 20). 

> Whereas the slope, X,, appears to be independent of pH and of tempera- 
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ture over wide ranges, the constant 0 defines the change in solubility with 
change in temperature or in pH (6). In general, it is found that the solu- 
bility is minimal when the protein is in an isoelectric condition or at a 



Fig. 1. Solubility of fibrinogen in concentrated phosphate and sulfate solutions 
at varying ionic strength. From Florkin (16). 

reaction somewhat acid to the isoelectric point. This is true both in the 
absence and in the presence of salt. Separations between proteins can 
thus often be effected by neutral salt precipitation if they differ sufficiently 
(a) in K,j (Jb) in /3, (c) in the dependence of upon temperature, or (d) in 
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the dependence of p upon pH. Of these, (c) is related to the heat of 
solution and (d) to the isoelectric point of the protein. 

The alcohol precipitation of proteins at low temperature 

Fibrinogen is also the first protein to be precipitated from serum or 
plasma by such organic solvents as acetone or the alcohols That these 
conventional organic solvents should be protein precipitants depends upon 
the strongly polar nature of most proteins. Not only do acetone, alcohols, 
and many other organic solvents of low dielectric constant precipitate pro- 
teins, but when this operation is carried out at ordinary temperatures they 
bring about changes in the molecule of such a kind that their solubility in 
water all but vanishes, and the protein is said to be denatured, much as it 
is by high temperature. 

If alcohol precipitation is carried out at sufficiently low temperatures 
(close to —5°C.), denaturation is often prevented, as was suggested by the 
earlier studies of Mellanby (49), of Hardy and Gardiner (26), and of many 
subsequent investigators (13, 80, 38), some concerned with the preparation 
of antibodies. Thus even egg albumin, a readily denatured protein, has 
been maintained in ethanol-water mixtures at — 5°C. for protracted periods 
of time, the ethanol removed before the temperature was raised, and the 
unmodified protein recrystallized (15). Provided denaturation is pre- 
vented, alcohol precipitation methods can be substituted for salt precipita- 
tion methods. The same dependence of solubility upon pH obtains.* 
Alcohol precipitation methods, although more likely to denature labile pro- 
teins, have the decided advantage that precipitates from ethanol-water 
mixtures at low temperatures can be readily dried under a vacuum. This 
yields solid, salt-free, water-soluble, purified proteins which can be prepared 
in any desired amount by the large-scale methods of industry. 

Ill, THE 7-GLOBULIN COMPONENTS OP PLASMA 

If the concentration of salt or of ethanol is further increased after the 
removal of the precipitated fibrinogen, there separates a fraction of the 
plasma proteins which has been called in the recent literature the y-globulin. 
This characterization is based upon the method of electrophoresis per- 
fected by Tiselius (76). 


Electrophoretic mobility 

.The observation that proteins move in an electric field was first made 
toward the end of the last century (64). The late Sir William Hardy (25) 
recognized the significance of the phenomenon as due to the amphoteric 

* The dependence upon temperature is, however, quite different and is discussed 
ih the last section of this paper. 
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properties of proteins, and he and subsequent workers, — notable among 
whom were Pauli (61, 62, 37) and Michaelis (52, 51), — studied a variety 
of proteins. W hereas electrophoresis in the hands of workers before Ti- 
selius revealed the isoelectric point and the magnitude of the electric charge 
borne by the protein at varying acid and alkaline reactions, the further 
development of powerful optical tools, for which we are so largely indebted 
to Svedberg and his colleagues in Upsala (73), permit the observation of a 
series of moving boundaries, each revealing protein moving through the 
solvent with a characteristic electrophoretic mobility. In its most con- 
venient form, the so-(*alled Topicr schlieren (shadow) phenomenon (63, 74, 
39) is (employed to project on the photographic screen a pattern which can 
be resolved into a series of skewed probability curves, the area under each 
of which measures the concentration of the protein moving with each 
mobility. The mobility, u, calculated from the change with time of the 
center of mass of each area, is generally expressed in centimeters per 
second, when the protein is in an electric field with a gradient of 1 volt per 
centimeter. Such photographic diagrams for human, horse, bovine, and 
guinea pig serum are reproduced in figure 2, which thus illustrates differences 
between and similarities in the sera of different species. 

Although there are differences in these schlieren diagrams, there are also 
very definite similarities, and the analysis of the proteins into electro- 
phoretically different fractions is both convenient and valuable. At neu- 
tral reactions the fastest moving component of either plasma or serum is 
the albumin. Tiselius named the three other major components of serum 
the a-, jS-, and y-globulins. The last move most slowly in the electric field. 
Tiselius studied horse serum, but it w^as soon pointed out (72) that the 
behavior of human serum was comparable, and this is true in varying 
degrees of the other species that have been studied. 

One of the great advantages of the electrophoretic method of analysis 
inheres in the convenience, reproducibility, and rapidity of the method. 
This may be illustrated by comparing the analysis of normal human serum 
into these four components that have been reported from three different 
laboratories, namely by Svensson (74) from Upsala, by Longsworth and 
his colleagues (44, 41, 40) from the Rockefeller Institute for Medical Re- 
search, and hy Luetscher (42) from our laboratory. The ratio of the con- 
centration of each globulin to the concentration of albumin in plasma is 
tabulated, thus avoiding both the factor of dilution and the factor of 
differences between plasma and serum. The good agreement between 
these results is quite gratifying and is none the less significant because each 
of the fractions revealed represents not a single protein but a population 
of proteins varying in size, shape, solubility, physiological and immuno- 
logical function, and in many other respects. 
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1'ho differciicc h('twc(>n tlu; plasma and scrum of I lie same species, de- 
pending on th(> al)S(>neo in the latter of the eharaeti'ristie fibrinogen peak, 
IS roiin'smited in figure 3 Although fibrinogen is preeiiiitated by lower 
(‘oneentrations of salt or oj ethanol than the other serum prof ('ins, it has 
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Boundary Boundary 

tiiiiJ 

Horse 

uLi 

A n tipneumococc u s 

Horse Descending Ascending 

Boundary Bound o ry 



Fid 2 Fid a 

Ej(! *2 Kk‘(*troph()iotir schlicirn piittcins of human, hoviiii*, pig, and 

horse sera 

Fig 3 Fleet, rophorotic sehlieren patterns of bovine plasma and serum 

a higher elect rophtnetic mobility at neutral reactions than 'v-globulin, 
presumably owing to its more acid i.soel(M*trie point. 

A comparntive (dt'ctrophoretic study, such as that upon serum and 
plasma, may reveal tlie diminution in concentration of a jirotein, in this 
cas(‘ fibrinog(*n, but cannot be used to prove its absence. A more satis- 
factory analysis of a s(‘paration than that depending upon differenc(\s in 
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.solutions nuinv protcMii compoiioiits can 1)0 oarne‘d out with tlio 

so])arat(‘(l ])r(‘oipitnt(‘.s Thus the diagram of tibriiiogon s(‘paratod Irom 
l)()vin(‘ plasma hv pr(‘(‘i])ita(ion with (‘thaiiol al low tompc'raturo is ropro- 
du(‘(*d 111 figiiH' 4 lh‘r(‘ \\(‘ hav(‘ hut a singk^ ])oak with a mobility oloso 
(o that of fibrinogon in th(‘ original jilasrna Tin* absonoo of ])rotoins 
moving with grossly diffonmt^ rnobihtios is domonstrat(‘d bv such an (dootro- 
phoKdic analysis, but h(‘r(\ loo, (‘l(‘ctrophor(‘ti(‘ analysis alono cannot 
l)ro\(‘ that but oik* protein is present, since* even appreciable amounts of 
])rot(‘ins with closedy tin* sani<‘ mobility as the mam c«)inponent could not 
readily lx* d(‘t(‘ct(al. 

Till* (‘U'ctrojihondic diagram of 7-globuhn pr(‘pared from bovine plasma 
is also r(‘])roduc(*d in figure' 4 Altheiugh ceimple'tedv eliffe'rent- from fibiine)- 
ge'ii, beitdi in form anel f‘une*tion, anel e*e)n\e‘nie‘ntlv e*haracte‘rize*ei by its 
(*le‘ctrophor(‘tic mobility as re'pie'se'iiting approximatedv 12 pea* e'cnt ol 
Ininian anel IS pei e*e‘nt eif beivine* plasma, the 7-globulin frae'tieni cordains 


TABLE I 


0 / (i~, and y-glohultHfi to the athfufun of human serum a,s* revealed hi/ 

eleelrophoretre analysts (4^) 


SvvMShori 
L(mi>;svs ort h 
Ln(*tHc‘h(‘i 


a-OLC)llT7LlN 

ALBUMIN 

t) la 
0 12 
0 11 


^-IJLOBULTN 

ALBUMIN 

0 2 (» 

0 2a 
() 21 


7-(JL0BULIN 

ALBUMIN 

0 17 
0 20 
0 V.) 


I 

i 


a fan numbe*i of preite'ins differing in iseielc'ctric iioint, in me)le'e*ular weaght, 
anel in solubility. 


Inovlednc prcct pitatia n 

Just a ce'iitury age) a Fre'iiedi pliysieJeigist, De'iiis, reporteel te) the' 
gre)up e)f pieite'in che'mists whe) w'ore eaillabeirating with Liebig in Gie'sseii 
that e*e‘rtain e)f the* jirede'ins of the* bleieid, which we* now’ e*all globulins, eir 
(*ugle)buhns, were seiluble in salt seilutieins, but ne)t in wate'r ( 67 ). The 
pH'cipitatie)!! e)f frae*tions e)f plasma proteins by dilution anel ae*idification 
has e)tt('n be'en employe'd sine'o then. Gleibuliiis aie, heiweve'r, re'adily de- 
natiiK'd ill dilute solutiein, and so e)ur prae*(ice in the se'paration anel jairifica- 
tion of gleibulins has ge'iie'rally be'en to aveiid elilutie)n, i.e., to aveiid lower 
e'once'iitratiems eif salt and of protein than are abseilutely ne'cessary in e)rder 
to e'ftee*t the* separatie)n It is acceirdingly an advantage* that the very 
convenie'iit me'thoels eit elialysis now’ available permit the pre'e*ipitatie)n e)f 
preiteins, w'he*n suHiciently frex' of salt, ne*ar the'ir r(*spee*tive isoelectric 
jieimts. 
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The 7 -gl()l)ulin Iractioii of plasma is rich in ('uglolnilin. Ihue again, 
however, there are differeneivs hetwc-en species Thus, roughly oiuvthird 
of the 7 -gk)buhn fraction of the liorse, ))ut over two-thirds of tliat of the 
cow, is euglohulin. The IwvitK- y-glohulin. the eleetrophorcTie analysis 
of w'hieh is reproduced in figun* 1, despite its apparent uniformity, yielded 
in-oteins isoidi'ctrie near lioth pll (i and pfi 7. That there was (>uglobulin 

Oesvendinq Ascending 
Boundory Boundory 


_lJi 

Bovine Fibrinogen 



Crystalline Human 
Albumin 


Kio 4 El(‘ftroph(>relir sclilicren pattniis nf human and of bovim* plasma proloins 
purified by ethanol -uatcr fraetionalion 

isoelectric near pH 7 was first demonstrated in eoniu'etioti with the st'para- 
tion and purification of the pneuinoeoccus antdiody (13, 23). Euglohulins 
of iso(4eetric points near pH 5 and 0 have also pr(‘viously ])een demon- 
strated (65, 21, 28). Whon th(» 7 -glol)ulin fraction is further fractionated 
by isoelectric pn^eipitatiou into various englobnlins and pscMidoglolmlins, 
jtheir electrophoretic mol)iliti(\s ])rove not to be identical, althougli all ar(‘ 
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withiJi tli(‘ {ir(‘a (*over(‘(l ])y the jiioliability ciirvc' of th(' m(‘an 
mobility of the y-globulni 

Scdimcntuiion amstmits mvd inoUcular weights 

Proteins with t4u‘ sam(‘ net eharj?(‘ should hay(‘ th(‘ same electroidioretie 
mobility, ])ro\’id(‘(l th(‘y hav(‘ 1 h(‘ sam(‘ size and shape The size and shape 
of p^ot(‘ln^ which ajipear to be (4eetrophoreti(*ally homogimeous are, how- 
ev(‘r, oft(‘n very difl(*rent. Th(' ultraecmtrifiigcs foi which we are indebted 
to Svedb(‘rg (78), is i)v far th(‘ most ])ow(‘rful tool that we hay(‘ to jiermit 
discrimination b(‘tw(‘(‘n molecules ol diffenait siz(\s and shapes, but th(‘ 
ultraeiMit riiug(‘ alon(‘ do(‘s not ])(‘rmit (‘yaluation of molecular w(‘ights. 
Th(‘S(‘ can be d(‘termin('d from th(‘ rat(‘ of sedimentation in tlu' ulti'aetm- 
ti‘irug(‘, onlv ])i-o\^id(‘d th(‘ shap(‘ ol the molecuU* oi its diffusion constant is 
known Th(' sedinu'iitation constants ol the* ])roteins an', howevi'i*, r(‘- 
yeak'd diK'ctly by ultraeentrifugal anal^^sis, and thosi' reeordc'd here an* 
lor solutions containing 1 per cent of protean in potassium ehloiade of ionic 
stn'iigth 0 2, eorr(‘ct(‘d to th(‘ density and yiscosity of water at 2(PC\ but 
not to z(‘ro protein (‘oneeaitration 

Th(' larg('st ])art of tlu' 7-gIo])ulm of horse se'rum si'diments with a (‘oii- 
stant of () 2 X 10 cm pe'i* second in unit centrifugal held (1 cm. per see.^), 
and bovine 7-glo])uhn se'dime'iits with a constant estimaU'd to b(‘ vc'iy 
iK'aiiy th(‘ same, — namely, 6.4 X SedmK'iitatioii constants of tlu' 

ordt'i ofl), 12, 18, 82, and (‘\en 02 X 10 ^’Miaye bee'ii obseryed for euglobu- 
lins isoelectric at neutral reactions. This euglobulin fraction is rich in 
anti])neumococeus antibody, and an increase' in the' amount ol this anel 
eithe'i aiitibeidie's is associatenl with a large incivase' in gleibulin, w4iie*h often 
invohe's neit einly a re'lative' iner(*ase but also an absolute inrrense in the' 
total se'rum pre)te'in^ C'e'rtain of these antibodic's haye Ikh'Ii cemside're'd 
7-globulins, but seune are' themght to hay(‘ slightly diffe're'ut meibilities (76, 
77, 48, 00). Studu's eif Ih'ide'lberger and eithe'is (27, 84, 88) yie'lded a 
se'ehme'iitatiem e'emstant lor horse*, pig, and e-ow antipne'umex'oe'eais e'uglobu- 
hn of IS X 10~^\ whie'h, with measurements of fre'e* diffusiein, sugge'ste'el 
molee'ular we'ights eif apjireiximately 900,000, or close to six time's the' 
mole'e'ular we'ight eif meist eitlu'i 7-globulins (27, 81, 88). The meile'cular 
we'ight e>f the' 7-gle)bulin eif a se'elime'ntation e'onstant eif 12 X 10 eenilel, 
in fae't, be' smaller anel that e>f 80 X greater than 900,000. 

Re'e'e'iitly, Kabat (84) has eibseryenl that the molecule's eif this fraction, 
like' tibrineigen, are \'ery asymme'trie' in shape*, re've'aling denible infraction 
eif lleiw*, and it has bee'ii sugge'ste*d that the'y se'ern to be polymers eif smaller 
preite'ins e'emjugated e'lid to end (79). 44iese' inte*re'stmg results suggest 
he)w the preice'ss eif immunization, lesulting in mok'e'uk's of large meilee'ular 
w e'ight anel ve'ry small net e'harge at physiological inactions, can take place* 
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TABLE 2 


EstiMutBd compositions f electrophoretic mobilities^ and sedimentation constants of 
serum and plasma proteins 


8 OURCB OP PROTEINS 

FIBRINO- 

GEN 

j GLOBULINS 

ALBUMIN 

! y 




Proportion of total protein estimated by 


electrophoretic analysis, in per cent 

Human plasma (42) 

6 

12 

13 

7 

62 

Bovine plasma 

18 

18 

8 

16 

40 

Human serum 


13 

14 

7 

66 

Bovine serum 


22 

10 

20 

48 

Horse serum | 


24 

21 

13 

42 


Electrophoretic mobilities of 1 per cent protein 
m phosphate buffer solutions of 0.2 ionic 
strength and pH 7.7 at 0®C.: X 10® 


Human plasma (42) 

Bovine plasma fractions (8) 

Horse serum fractions (9)^*. 

1 

1 9 

2.1 

0 0 

1 6 

19 1 

1 

2 7 

2 9 

3.8 

3 9 

5 1 
5.2 
(4 5 
\6 3 

1 

Sedimentation constantsf of 1 per cent protein 
in potassium chloride solutions of 0.2 ionic 
strength: X 10'* 

Human plasma fractions. . 

Bovine plasma fractions (8) 

Horse serum fractions (27, 34, 33, 9) 

7 6 

1 

/ 6.4 
\l7 
/ 6.2 
\l7 

1 

6 3 

1 

j 

/ 6 8 
U7 

3 9 
4.0 

3.9 


* The values in serum are somewhat different. Studies thus far completed by 
J. M. Newell and S. H. Armstrong, Jr., suggest 1.7 for 7, 3.4 for /3, 4.1 for a, and 5.6 X 
10~® for the total albumin The crystalline carbohydrate-free albumin has a mobility 
of 6.3 and the 5.5 per cent carbohydrate-containing crystalline albumin of 4.5 x 10~* 
cm.® per volt-second. 

t Svedberg and Pedersen (73) give a value of sjo.w reduced to zero protein concen- 
tration of 7.1 X 10~^® for both total horse serum globulin obtained by half-saturation 
with ammonium sulfate and for electrophoretically prepared 7-globulin from normal 
human serum. They give the value 4.46 X 10“'* for the sedimentation constant of 
horse scrum albumin, obtained by averaging the value for the A and B fractions 
prepared by Kekwick (35). McFarlane's (46) studies on diluted normal serum give 
6.5-^.7 for horse and cow and 5.7 for human total globulin, and 4.2-4.4 for horse and 
cow and 3.9 X 10“'* for human albumin. The last value is in exact agreement with 
our study of purified human albumin. 
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without serious disturbances of water balance. These large globulins, 
existing close to their isoelectric points, would presumably make the 
smallest contributions to osmotic pressure of any of the plasma proteins. 

Thus far certain antibodies have been located in the 7-globulin fraction. 
Another concern of the immunologist is complement, essential in certain 
anti gen -anti body rea(‘tions such as the hemolysis of red blood cells by 
specific antisera. Long since recognized as associated with the physical- 
chemical state of tlie serum proteins, it would appear to depend upon the 
presence of but small amounts of a few components, one of which has re- 
cently been obtained as a euglobulin. Separated from serum by concen- 
trations of ammonium sulfate generally employed in precipitating the 
7-globulin fraction, and having a sedimentation constant of 6.4 X 
characteristic of most globulins, it has an electrophoretic mobility in 0.2 M 
phosphate buffer at pPl 7.7 of 2.9 X 10~^, possibly more characteristic of a 
0- than a 7-globulin. Its isoelectric point is close to pH 5.2 and it has 
been separated from other components of complement because it is quite 
insoluble in phosphate buffers of pH 5.2 and ionic strength 0.02, but soluble 
at this reaction at slightly higher ionic strengths.^ 

Prothrombin is gencirally precipitated from plasma with the 7-globulins, 
and its isoelectric point is also in the neighborhood of pH 5, at which point 
it is frequently separated by dilution of plasma and acidification. Its 
further purification from fibrinogen and other euglobulins has been carried 
out by the addition of calcium bicarbonate (50), or by isoelectric precipita- 
tion (10, 11, 68, 21). It is not our purpose in this survey to discuss the best 
metJiods for the preparation of each plasma protein, but rather to locate 
as on a contour map the various proteins which have thus far been identi- 
fied, because of either their physical characteristics or their physiological 
functions. 

As methods of separating the very labile protein molecules of physio- 
logical significance improve, it is probable that the well-characterized com- 
ponents of plasma will increase. Knowledge of the physical and chemical 
characteristics of such molecules should in turn increase our insight into 
the nature of their functions and interactions. 

The 7-globulin fraction contains molecules which have not thus far been 
separated as euglobulins by exhaustive dialysis in the neighborhood of 
their isoelectric points and which may therefore be called pseudoglobulins. 
The 7-pseudoglobulin of horse serum has been very carefully studied and 
found to have an isoelectric point of 6.3, an electrophoretic mobility at 0®C. 
in phosphate buffer of 0.2 ionic strength at pH 7.7 of 1.9 X 10"'®, a sedi- 

* The so-called *^mid piece’* and “end piece” of guinea pig serum have recently 
been purified and characterized by L. Pillemer of Western Reserve University, 
working in this laboratory. 
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mentation constant, of 6.2 X a diffusion constant, of 

4.1 X 10^^, and a partial specific volume of 0.730. Its molecular weight 
is thus calculated to be 142.000 (9). This fraction of 7 »globulin, though 
it has a very small net charge, has proved to have the greatest influence in 
increasing the dielectric constant of solutions of any of the plasma proteins 
thus far investigated (14, 7, 58). Its electrical asymmetry is thus very 
great and this should result in strong interactions with ions and with other 
proteins. 


IV. THE /3-globulin COMPONENTS OP PLASMA 

Globulins of electrophoretic mobility greater thim 7 -globulin and fi- 
brinogen have been termed a- and j3-globulins by Tiselius. In plasma or 
serum, /3-globulins reveal a double peak (figure 2), suggesting the presence 
of two or more groups of molecules. Upon separation of the serum and 
reprecipitation, this double peak often appears to vanish. Purified globu- 
lins have, however, been prepared with mobilities intermediate between 
those characteristic of the /3- and 7 -globulins. 

Whereas 7 -globulin preparations are often nearly colorless, /S-globulin 
fractions arc often highly colored, some blue (21), some deep yellow (75), 
some rich in lipoids, and some rich in other organic molecules associated 
with this group of proteins. Their concentration in sera increases in 
lipoid nephrosis, cirrhosis of the liver, and other pathological conditions 
(24, 72, 2, 41, 42, 44, 40). 

/3-Globulins are precipitablc by neutral salts (9) or by alcohols ( 8 ) at 
concentrations greater than those necessary for the precipitation of 7 -globu- 
lins. Their electrophoretic mobilities at neutral reaction reflect greater 
net charge and more acid isoelectric points. In terms of equation 1 it 
does not follow that the “salting out^' constant, iiT., is smaller for /3- than 
for 7 -globulins, although this may be the case. More probably, the solu- 
bility coefficient, /3, is greater. Separation of globulins of more acid iso- 
electric points can thus be accomplished either by increasing the concen- 
tration of the precipitant or by bringing the acidity closer to the isoelectric 
point of each protein. 

These generalizations apply equally to albumins, pseudoglobulins, and 
euglobulins. Euglobulins are, as we have seen, precipitable near their 
isoelectric point in the absence of salt. Such separations are, however, 
often carried out more satisfactorily after preliminary fractionation, so as 
to reduce interactions between proteins of very different isoelectric point. 
Evidence that there are euglobulins in serum differing in isoelectric points 
has come not only from electrophoretic but also from solubility (13, 65, 
21, 23) and immunological (18, 34, 36, 27, 33, 43, 60) studies. Most pro- 
|teins isoelectric at neutral reactions are, as we have seen, part of the 



408 


EDWIN J. COHN 


7 -globulin fraction. On the other hand, the one component of complement 
(see footnote 5), prothrombin, and the very characteristic blue-green, 
jelly-like eu globulin, with an isoelectric point close to pH 6 (described by 
Green as Pi), appear to move in the electric field 'Vith the /3-globulin,^’ 
as does a globulin (*omponent with an isoelectric point near pH 6 (42). 

"i'hose proteins characterized in the electrophoretic analysis of whole 
serum or plasma as /3- or 7 -globulins would thus appear to consist of 
various euglobulms and pseudoglobulins, of slightly different isoelectric 
point and acid- and base-corn) )ining capacities. Some of these are pre- 
sumably present in but small amount, and as in the case of the 7 -globuhn, 
some may have molecular weights that are both higher and lower than is 
characiteristic; of most of the /3-globulin. A fair amount of the /3-globulin 
of horse serum, upon purification, appears to have a lower sedimentation 
constant in the presence of high protein concentration, presumably owing 
to dissociation of /3-globulin into components of smaller molecular weights 
(45, 73, 9). The sedimentation constants and molecular weights of most of 
the globulin fractions would appear, however, to be closely similar (55, 45, 
35), ))ut this may not be true of their shapes (12, 56), phosphorus or carbo- 
hj^drate contents, dielectrics dispersion curves, or other chemical or physico- 
chemical properties which reflect in more detail the fine structure of mole- 
cules upon which their physiological functions presumably depend. 

V. THE a-GLOBULIN COMPONENTS OF PLASMA 

The chemical separation of a- and /3-globulins from 7 -globulins is 
far simpler than the separation of a- and /3-globulins from each other. 
a-Globulin is generally, although not always, represented by a single peak, 
apparently moving with uniform electrophoretic mobility in serum or 
plasma. Precipitable by higher concentrations of ammonium sulfate than 
/3- or 7 -globinin (9), a-globulin consists, in the main, of water-soluble 
pseudoglobulins, isoelectric near pH 5. There are euglobulins, however, 
wliich move with the electrophoretic mobility of the a-globulin fraction; 
among them is another component of complement, the so-called ^^end 
piece”, which has been separated in a state of considerable purity, has an 
electrophoretic mobility of 4.2 X 10“^ and contains 10.3 per cent of carbo- 
hydratc.*^ The experimental conditions which it was necessary to achieve 
in order that this component, previously believed to be pseudoglobulin in 
nature, would separate as a euglobulin suggest that other substances 
associated with the a-globulin may also ultimately be isolated as euglobu- 
lins. It is possible that the so-called mucoglobulin (28), as well as certain 
other carbohydrate-rich globulins (71, 35), and perhaps also the crystals 
reported by Jameson (30, 31), may have been a-globulins. 

The a- and /3-globulin fractions of plasma are often more labile than 
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either the 7-globulin or the albumin fractions. They also contain a large 
proportion of the chromogenic groups associated with serum proteins. It 
is not impossible that their lability is related to changes in these associated 
groups. 

«-Globulin preparations, uniform electrophoretically, have revealed di- 
verse sedimentation constants suggesting components of different molecu- 
lar weights (43, 60, 9). In how far these components represented jS-globu- 
lin or albumin rich in carbohydiate impurities remains uncertain, but in 
the case of both fiactionatcd hoise and bovine serum proteins, ultra- 
centrifugal analyses suggested far higher concentiations of molecules of the 
size of the albumins than electiophoretic anaiyj^es indi(ated were present. 

The functions of the a- and /5-globulins arc presumably different from 
those of either the 7-globulins or the albumins. They are diffeient im- 
munologically and most antibodies have been associated with the 7 frac- 
tion, which increases in amount with immunity. In febrile conditions, on 
the other hand, it is the a-globulin fraction which largely increases (44, 
41, 40). In lipoid nephrosis, in which fibrinogen increases in the plasma, 
so also do the a- and /3-globulins, whereas the 7-globulin and albumins are 
greatly diminished. Convcasely, albumin, and to some extent 7-globulin, 
are found in l3miph (57) and pcrhapvS in other body fluids (42) in larger 
amounts than a- and /S-globulins, which would seem to leave the blood less 
readily (44, 41, 40). More exact characterization of these various plasma 
proteins, under varying pli.vsicochemical conditions, and their availability 
as purified proteins in adequate amounts for physiological and clinical 
investigation should greatly increase our knowledge, not only of the nature 
and the function of blood proteins, but also of kidney and tissue per- 
meability. 


VI. THE ALBUMIN COMPONENTS OF PLASMA 

Albumins are by definition soluble m water. There are, however, many 
w^ater-soluble proteins in serum and plasma which are far more closely 
related to the globulins than to the albumins and which we have termed 
pscudoglobulins. They move in the electric field wuth the mobility char- 
acteristic of globulins and have sedimentation constants characteristic of 
globulins but are often completely ''salted out'’ only at concentrations 
which effect the precipitation of albumins. 

Serum albumins are precipitated by neutral salts or by organic solvents 
at higher concentrations than are most globulins. One of the conventional 
methods for their preparation is to half-saturate plasma with ammonium 
sulfate, and to purify the albumin from the filtrate. Whereas very little 
albumin is precipitated iii neutral solution by half -saturation with am- 
fnonium sulfate, that is to say, from a 2 molal solution of ammonium 
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sulfate at ordinary temperatures, the filtrate always contains globulin, 
some rich in carbohydrate (28, 76, 66) and some closely related to the a- 
and i3-globulins. 

The further purification of the serum albumins is accomplished either 
by increasing the concentration of the precipitant or by increasing the 
acidity. Serum albumin is isoelectric near pH 4.8. This is true at least 
for the albumin of human, horse, and bovine semm or plasma. The 
albumins in the blood are thus far from their isoelectric point, are combined 
with more base than are the globulins, and therefore would have a greater 
electrophoretic mobility even were they of the same molecular weight as 
the globulins. 

The molecular weight of most albumins is in the neighborhood of 70,000, 
or approximately half of that of most of the globulins, and this also would 
lead to greater electrophoretic mobilities, as well as to greater osmotic 
pressures per gram of protein. Although albumins have a greater net 
charge at neutral reactions, as well as a greater number of charged groups 
in the isoelectric condition, these are arranged with far greater symmetry. 
As a result, albumins have the smallest electric moments thus far observed 
for any proteins. They should thus interact less with other proteins, as 
well as with salts. Albumin solutions are also more limpid and exhibit 
the Tyndall effect to but a negligible extent. They are, moreover, far 
less readily denatured than are most other proteins.® 

Immunologically, also, the albumins may be contrasted with the globu- 
lins. The purified albumins may be sharply differentiated from the 
7 -globulins, the chief antibodies of the blood stream, by serological 
methods (32, 28). 

Although albumins can thus be contrasted with globulins, the albumins 
of different species and indeed the albumins of the same species are not 
homogeneous. This may be shown chemically or immunologically. Thus 
the purified albumins of man, horse, and cow seem to be immunologically 
distinct from one another (32). The albumins of the horse crystallize 
readily from serum, while those of man crystallize only after being sepa- 
rated from a- and /3-globulins and lipoids. None the less, the electro- 
phoretic mobilities, sedimentation constants, and many other properties 
of the albumins of different species are closely comparable (table 2). 

Different albumins may be demonstrated to be present in any of these 
species. The readily crystallizable horse serum albumins have been the 
most studied (69, 70, 7, 14, 28, 35, 46, 58, 66). Albumin may be crystallized 

® Indeed, it is possible to purify albumins of certain other protein impurities by 
permitting the latter to denature in 16 or 20 per cent ethanol at pH 4.8 at tempera- 
tures slightly above zero, separating the precipitate, and, in the case of human pro- 
tein fractions, crystallizing the albumin. 
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if it is carbohydrate-free or if it contains as much as 5.5 per cent of carbo- 
hydrate (46). Among the crystalbumins, a further separation can be 
made, in that a portion thereof may be crystallized from salt-free solution 
as a sulfate^ (46), although the crystal forms of the insoluble and soluble 
sulfates appear to be identical. Another type of crystalline albumin, 
hemocuprein, containing copper, has been isolated by Mann and Keilin 
(47) and confirmed in our laboratory. Its function remains to be dis- 
covered; it is not respiratory and may well be enzymatic. On the other 
hand, the choline esterase and phosphatase of serum, the lipase and iodine- 
containing proteins, as Avell as other hormonas and enzymes which separate 
with the albumin fraction, remain to be crystallized. 

The electrophoretic mobilities of all of the serum albumins are not 
identical. That of hemocuprein has not been reported, although its mo- 
lecular weight is said to be smaller than that generally ascribed to serum 
albumin. Whereas the sedimentation constant of the crystalline albumin 
containing 5.5 per cent of carbohydrate appears to be very nearly that of 
carbohydrate-free albumin, its electrophoretic mobility has been demon- 
strated to be appreciably smaller at pH 7.7, that is to say, at the reaction 
at which all of the electrophoretic mobilities thus far reported in tliis 
communication were determined. 

It is probable that other crystalline serum albumins will in time be iso- 
lated and their properties and functions accurately determined. It has 
long been known that even the beautifully crystalline scrum albumin of 
the horse docs not consist of a single chemical individual as judged by 
solubility (69, 70) or by dielectric studies (14, 7, 58), even though homo- 
geneous as to molecular weight or electrophoretic mobility at neutral 
reactions. 

The crystallization of salt-free albumin sulfate was carried out near pH 
4 (46).’^ At this reaction not only horse but also bovine and human albu- 
min revealed components of different electrophoretic mobility, the faster 
moving albumin constituting nearly two-thirds of the total (42). In cer- 
tain pathological conditions in man (among them lipoid nephrosis and 
cirrhosis of the liver), however, electrophoretic analysis of both serum and 
urinary albumins showed a greater loss of the faster moving albumin from 
the blood, leaving the slower component preponderant. Studies of the 
dielectric properties of the albumin separated from the urine of these condi- 
tions yielded a fraction with a dielectric increment far greater than that 
generally ascribed to serum albumin (17). Sin^e the ratio of albumin com- 
ponents appeared to be the same in blood and in urine, differential per- 

^ An observation reported by J. D. Ferry at the Division of Biological Chemistry 
at the Ninety-sixth Meeting ot the American Chemical Society, held at Milwaukee, 
September 7, 1938. 
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meability for excretion was not assumed, but rather a differential produc- 
tion of the two albumins in the body (42). 

Clearly, further studies are ne(;essary and possible not only on the loss 
under pathological conditions from the blood to the urine or the tissues of 
various proteins, but of their various functions in the blood. The albu- 
mins and 7 -globulins would appear to be lost more readily than the a- or 
/3-globulins. On the other hand, the influence of the albumins on water 
balance must be greater than that of the other proteins. Whereas the 
albumins represent over 60 per cent of the proteins of normal human 
plasma, they give rise to an even greater proportion of the blood osmotic 
pressure by virtue of their smaller size and larger net charge. These 
properties and their lower viscosity, more symmetrical shape, and charge 
distribution, and their far greater solubility and stability in solution sepa- 
rate them in property and function from the more labile, asymmetric, and 
viscous globulin fractions. 

The preparation of large amounts of relatively pure albumin is now 
possible Although knowledge of the conditions for the crystallization 
of various semm albumins, especially those of horse serum (28, 35, 46; 
footnote 7), from concentrated solutions of sulfates or phosphates has been 
greatly extended in recent years, this method is not susceptible to large- 
scale preparation. The method of fractionating serum or plasma proteins 
by equilibration across membranes with ethanol -water mixtures of con- 
trolled pH, ionic strength, and temperature, which also yields fibrinogen 
and 7 -globulin frac.tions approaching homogeneity with respect to both 
size and net charge, is especially advantageous in the separation and 
purification of the albumins (8). Schlicren diagrams of these fractions 
separated from plasma are illustrated in figure 4. Whereas fibrinogen and 
all the 7 -globulins, as well as a fair amount of the a- and /3-globulins, are 
largely precipitated by 40 per cent ethanol at — 5°C., the solubility of 
these is further reduced if the acidity is increased to approximately pH 5.5, 
preferably by acetate or carbonate buffers.® The albumin remaining in 
solution in 40 per cent ethanol at pH 5.5 at "~5®C. is largely precipitated 
from this solvent at pH 4.4 4.8, as is also the small amount remaining in 
solution at this temperature by concentration at — 15°C. Albumin, both 
human and bovine, has been prepared by this method and is pure both 
electrophoretically and in the ultracentrifugc, and there is practically no 

* Equilibration with carbonate buffers, which we arc further developing in col- 
laboration with Dr R. M. Ferry, has the advantage that, at constant carbon dioxide 
pressure, increase in acidity is produced by diminution of free base. Its removal 
from the protein solution by dialysis through membranes is favored by the Donnan 
equilibrium, whereas the introduction of other acids to the protein phase by diffusion 
across membranes is impeded by the Donnan equilibrium. 
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upper limit to the amounts of this material (as of fibrinogen and the 
7 -globulms) that can readily be made available. 

The albumin precipitable from 40 per cent ethanol is readily dried and 
is a colorless white powder, free of reducing substances and indeed of other 
organic and inorganic molecules for which we have thus far tested. It 
readily dissolves in water, yielding clear solutions even at concentrations 
greater than 25 per cent. In our experience no precipitate appears in such 
solutions, even after they have stood for protracted periods of time. 
Indeed, albumin purified in this way appears to be stable for short periods 
of time even in 20 per cent ethanol at room temperature.® 

Albumin that appears to be uniform both electrophi retically and ultra- 
centrifugally can be further fractionated by ethanol-water mixtures. 
Thus, a fraction of the albumin which contains traces of globulin has a high 
heat of solution and dissolves as an oil, with increase in temperature, and is 
insoluble in 25 per cent ethanol at pH 4.8 and O^C. ; another fraction is solu- 
ble even in 20 per cent ethanol at ~-5®C., but insoluble in 40 per cent ethanol 
at —5° and — 15°C. The fractionation of albumins in alcohol-water 
mixtures by change in temperature is the more interesting because the heat 
of solution in these solvents is opposite in sign® to that in the concentrated 
ammonium sulfate solutions in which albumins have heretofore generally 
been fractionated and crystallized. Human albumin is readily crystal- 
lized from ammonium sulfate after such fractionation. 

The availability of bovine albumins is making possible a systematic 
study of the chemical modification of their free groups by reagents which 
are yielding proteins of new physical-cdiemical properties and new im- 
munological behavior. Experiments which will be reported elsewhere are 
now under way in which amino groups are replaced by guanidine,^® acetyl, 
urcide, or other groups and in which the other basic groups or the phenolic 
hydroxyl groups of the proteins are modified. Modification of carboxyl 
groups, although often leading to changed antigenicity, has seemed a less 
promising approach to present needs, since the preparation of proteins of 
modified antigenicity but of unmodified, or increased, rather than de- 
creased, osmotic pressure at neutral reactions is our aim. Such modified 

»The theoretical consideration of these differences, involving the theory of 
‘‘salting out” and of electrostatic interaction, will be considered elsewhere. 

“ Treatment of the albumin of horse or bovine scrum with methylisourca (for 
a considerable supply of which we are indebted to the American Cyanamid Com- 
pany) has yielded euglobulins. Thus, W. L. Hughcf. and the author have succeeded 
in separating water-insoluble, salt-soluble globulin from albumin, the amino groups 
of which had been guanidinated. The immune properties had, however, not been 
greatly changed by this ^complete change in solubility behavior, nor probably had 
the net charge or electric moments of the molecules. 

I 
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proteins derived from bovine plasma might prove especially suitable for 
transfusion after a period of careful clinical investigation. 

Human albumin, as well as bovine albumin, can be prepared by the above 
procedures even from plasma or serum containing so much hemolyzed blood 
as to render it unsuitable for transfusion. Such purified albumin in solu- 
tion, freed from the more labile and more readily denatured fibrinogen 
and globulins, should prove useful for a number of therapeutic purposes, 
particularly in the treatment of shock, due to acute loss of blood. There 
is good reason to believe that its marked osmotic effect will draw water 
into the blood vessels, raise the total blood volume, and thus relieve the 
condition, provided it is not too rapidly lost from the blood stream because 
of its smaller molecular weight. From a physicochemical point of view, 
human and bovine albumin are remarkably similar molecules and the latter 
could be used as a substitute for human albumin provided no clinical con- 
tradictions are demonstrated. 

The multiplicity of functions performed by the plasma proteins remains 
larger than the number of pure proteins that have thus far been isolated 
from scrum or plasma. The methods would appear to be available, how- 
ever, for the purification of any protein for which there are adequate meth- 
ods of bioassay. The procedures now being carried out on a large scale, 
with both the human and the bovine plasma, yield, in separate fractions, 
fibrinogen, three 7 -globulins, prothrombin, a- and jS-globulins, and the 
serum albumins. These developments, which permit the separation of 
molecules of closely similar properties, depend less on the discovery of new 
chemical reagents than upon the development of the theory and the more 
precise control of the conditions upon which purifications depend and on 
increasing knowledge of the physicochemical properties of the proteins. 

SUMMARY 

1 . The diverse nature of the plasma proteins is discussed and the physi- 
cal-chemical bases for their characterization defined. 

2. The physiological functions of certain of the proteins are considered 
in relation to their chemical functions. 

3. The large-scale preparation of the different proteins of human and 
of animal plasma in purified states renders possible not only chemical but 
also clinical investigations of their functions and possible therapeutic uses. 

4. Although albumins may be lost from the circulation more readily 
than certain globulins, their smaller size and greater net charge lead to 
greater osmotic effects. The high osmotic pressure, low viscosity, and 
great stability of albumin solutions would appear to render them the most 
useful of the plasma proteins for the treatment of some, but not necessarily 
all, conditions associated with diminished plasma volume. 
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5. Comparative studies on the physicali chemical, and immunological 
properties of bovine, of chemically modified bovine, and of human albu- 
mins and globulins are considered. 
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For a number of years the authors have been engaged separately in 

investigations of the thermodynamic properties of strong electrolytes by 

the electromotive force and vapor pressure methods. The results, which 

have appeared in numerous papers in different journals, have not yet been 

systematically coordinated, and a critical survey of this work is now 

desirable. 
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An adequate consideration of all the many excellent contributions to 
this subject would have extended the review to a lengthy treatise; we have 
therefore limited the field to a number of topics in which we have been 
particularly interested. To this end we shall focus attention on the partial 
molal free energy of electrolytes, or its derived function, the activity coeffi- 
cient, and the variation of the free energy with changes in temperature, 
pressure, electrolyte concentration, and medium composition. Early in 
the review, a detailed consideration of these variations will be made in the 
case of hydrochloric acid, an electrolyte about which sufficient is known to 
exemplify each of the four variations. 

Numerous data will be given for the activity coefficients of electrolytes 
in water at 25°C., and their significance will be considered in relation to 
different theoretical treatments of electrolytic solutions. Finally, atten- 
tion will be directed to the calculation of activity coefficients over a tem- 
perature range. 

We feel confident that this summary of the subject will be of value in a 
number of ways. The tables of data (some of which have not been pub- 
lished previously) will be of considerable practical value to those engaged 
in experimental work. We hope that this material will also be of use in 
testing proposed theories of concentrated solutions. Furthermore, at in- 
tervals in the course of the review, we shall draw attention to problems 
which invite further experimental or theoretical investigation. 

I. FUNDAMENTAL EQUATIONS 

A comprehensive treatment of this subject requires a knowledge of the 
variation of some fundamental quantity, such as the partial molal free 
energy, P, or the activity coefficient of an electrolyte as a function of the 
four important variables: temperature, the concentration of the electrolyte, 
the composition of the solvent, and pressure. 

The fundamental relationships between the partial molal free energy and 
the activity coefficients on the A-, m-, and c-scales may be stated as follows : 

F = K + vRT\n f±Ni = ft + »RT ]n y±m± = F'c + vRT In y±c± (1) 

where F^n , Fl^ , and F^ are the standard free energies, S±,y±, and 2/± are 
the mean activity coefficients on the mol fraction, molality, and molarity 
scales, respectively, and v is the number of ions formed by the dissociation 
of one molecule of electrolyte.^ 

* If an electrolyte, dissociates into v ions, of which v+ are cations and 

are anions, and ni mols of electrolyte are dissolved in n\ mols of solvent, the cation. 
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Upon introducing the usual convention that /± = 7 i = = 1 at 

infinite dilution of the electrolyte, the equations 

K = Pi + vRT In 1000/Afj = PI + vRT In lOOOdo/Mi (2) 
and 

In /i = In 7± + In (1 + mMi/lOOO) (3) 

In U = In + In {d/do + civMi - M2)/100(Wo) (4) 

In 7 ± = In 2/± + In (d/do — cMr/lOOOdo) (5) 


relating these functions may be obtained. Tn these equations Mi and Af 2 
are the molecular weights of solvent and solute, respectively, and do and d 
are the densities of solvent and solution. 

The ± subscripts to /, 7 , and y are inserted because the quantities are 
mean activity coefficients, related to the individual ionic activity coeffi- 
cients by an equation of the form of la. As we shall not discuss individual 
ionic activity coeflBcients, it will now be possible, in the interests of sim- 
plicity, to omit the subscripts from /, 7 , and y. This simplification cannot 
be made for m± , and it is important to note that only in the case of a 1- 1 
electrolyte does equal m. 

Equations 1 and 3 will be used frequently in this review, the former to 
express experimental results on the molality scale and the latter in com- 
parisons of experimental results with theoretical equations based on the 
A'-scale. Thus: 

p ^ yJtT In 7 m± = vRT In ym 4 RT In ( 6 ) 


N+ , the anion, , and the mean ionic mol fractions, , are defined by the 
equations: 


and 

iVi « (la) 


where 


On the molality (mols of solute per 1000 g. of soh^ent) and molarity (mols of solute 
per 1000 cc. of solution) scales, we have similar definitions for the mean ionic mo- 
lality, m± , and the mean ionif molarity, , namely : 

I w± SE and c± » 
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and for aqueous solutions; 

In 7 = In / - In (1 + 0.018m) (7) 

The temperature coefficients of (P — F^) and In y are related to the par- 
tial molal heat content relative to infinite dilution, B 2 — SI ^ Z 2 j of the 
electrolyte by the well-known thermodynamic equations: 


and 


d{P - P)/T i ^ (B, - m) ^ ju 


dT 


2^2 




d In 7 — _ ^ 

~dT~ Jp.m "“1^2 


The pressure coefficients are given by: 


d(P - ry 

dP ^ T,m 




d In r“| _ r, - rs 

dP Jt.™ vRT 


( 8 ) 

(9) 


( 10 ) 


(11) 


where (Fj — r?) is the relative partial molal volume of the solute. Fur- 
ther, we shall require the equation: 


= = (12) 

where is the partial molal heat capacity of the solute relative to infinite 
dilution. In these equations the subscript 2 has been introduced to denote 
that these partial molal quantities refer to the electrolyte, the subscript 1 
being reserved for quantities referring to the solvent. 

When the free energy of the solvent is measured directly, as in freezing- 
point determinations, it is convenient to define two osmotic coefficients. 
The rational osmotic coefficient, on the JV-scale, is defined by: 

A - r? = gRT In Ni (13) 


where Ni is the mol fraction of solvent. The practical osmotic coefficient, 
on the m-scale, is, for a single salt in aqueous solution. 


Fi-Fl = <I>RT- 


vm 

sXm 


(14) 
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where m is the molality of solute. In terms of the activity of the water 
and the vapor pressure: 


^ 55 51 , 

0 In Oi 

m 


55.51 p 

m po 


(15) 


p being the vapor pressure of the solution and po that of the solvent. 

The practical osmotic coeflScient may be derived from the practical 
activity coeflScient by means of the relation: 


* = 


+ 1/w. f 


md In y 


(16) 


and the reverse operation may be performed by means of the relation: 


—In y = h 



hd In m 


= h + 2 J hly/m*d\/m 


(17) 


where A = (1 — <t>). 

Besides these fundamental thermodynamic relations, we shall require the 
important equations which result from the Debye and Hiickel (17) in- 
terionic attraction theory. The limiting equations of this theory for /, 
L 2 , and J 2 may be expressed bj' the following simple equations: 


log/ = -SinVr 

(18) 

In = /S(E,,Vr 

(19) 

^2 = 

(20) 


where S(f ) , S(ij) , and are the theoretical limiting slopes, and 
r(s is the ionar concentration of electrolyte.^ Values of the slopes 
for aqueous solutions at difiFerent temperatures are given in table 1. 

We shall also require the theoretical equation for the variation of / with 
electrolyte concentration which includes the effect of the restriction of 
attraction between the ions due to their finite size. Thus, 


log / == 


1 + AVf 


( 21 ) 


If A is determined, the mean distance of approach of the ions in AngstrSm 
units, d, may be obtained from the data in the last column of table 1, in 

* It has been customary tf* call F the tonal concentration of electrolyte, but by 
analogy with the terms molar and molalf and would be denoted as the 

tonar and tonal concentrations, respectively. 
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which the theoretical values of AI& for aqueous solutions arc recorded 
over a considerable temperature range. The values of the constants em- 
ployed in these computations are given at the bottom of the table. The 
values of the dielectric constant necessary for the calculation were com- 
puted from Wyman’s (140, 143) numerical equation, also given at the 
foot of tabic 1. 


TABLE 1 


Limilirig slopan of the Debye and Huckel theory for single electrolytes in water. 
Values of Afd. The magnitude of the product of the valences of the ions 
of the electrolyte — | ZiZ 2 |. p ^ vi -V 


t 

|zi22i 

ffe) 

v|*lZ2| 

^o,) 

plziZll 

A/d 

°c 






0 

0 3446 

153 

3 

40 

0.2294 

5 

0 3466 

169 

3 

67 

0 2299 

JU 

0 3492 

190 

3 

96 

0 2305 

15 

0 3519 

210 

4 

22 

0 2311 

20 

0 3549 

231 1 

4 

48 

0 2318 

25 

0 3582 

254 ! 

4 

72 

0 2325 

30 

0 3616 

278 

4 

96 

0 2332 

35 

0 3653 

303 

5 

19 

0 2340 

40 

0 3692 

329 

5 

44 

0 2348 

50 

0 3777 

385 

5 

89 

0 2366 

60 

0 3871 

446 

6 

30 

0.2386 

70 

0 3973 




0 2407 

SO 

0 4083 




0.2429 

90 

0 4200 




0 2452 

100 

0 4325 




0.2476 


C'onstants: N = Avogadro’s number = C 061 X lO^^. 

e ~ electronic charge — 4.774 X 10“^® e.s.u. 
k s= gas constant per molecule — 1.372 X 10-^® ergs dcg."‘ 

T = / 4- 273.1. 

D = 78.54(1 - 0.00460(^ - 25) + 0.0000088(/ - 25)*]. 

II. HYDROCHLORIC ACID 

Owing to the ease and accuracy with which the electromotive force of 
the cell 


Ha 1 HCl(m) 1 AgCl-Ag 

can be measured in water and other solvents, it has been possible to in- 
vestigate the thermodynamic properties of hydrochloric acid extensively. 
With the aid of these results, a comprehensive view of the properties of a 
single electrolyte, as a function of the temperature, the pressure, the com- 
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position of the solvent, and the concentration of the electrolyte, may be 
obtained without introducing difficulties due to the presence of ions of 
charge greater than unity. 

From the fundamental equation of this cell, 

E ^ - 2.3026fiT/F.log ym (22) 

the activity coefficient of the acid, y, at a molal concentration, m, may be 
computed if the standard potential, is known. The methods of evalua- 
tion of E^ from the electromotive forces, although very important, have 
been described in great detail elsewhere (32, 34, 35, 51, 59) and need not 

TABLE 2 

Standard poieniiah of the cell: Ha(l atm.) 1 HCl(m) | AgCJ-Ag 
Values of 2.3026E!r/F: R = 1.9869 calories (16“>; T (ice point) 273.r; 

F ■* 96,500 coulombs 


t 

2.3026Br/F 


“C. 



0 

0 05419 

0 23634 

5 

0.05519 

0.23392 

10 

0 05618 

0 23126 

15 

0 05717 

0.22847 

20 

0.05816 

0.22551 

25 

0 05915 

0 22239 

30 

0.06015 

0.21912 

35 

0.06114 

0.21563 

40 

0.06213 

0.21200 

45 

0.06312 

0.20821 

50 

0 06412 

0.20437 

55 

0.06511 

0.20035 

60 

0.06610 

0 19620 


be considered here. We shall restrict this treatment to the presentation 
of the results, rather than to the technical methods by wliich they were 

derived. , , 

Table 2 contains the values of JB® in aqueous solutions from 0 to 60 L., 
obtained by Hamed and Ehlers (44). The values of 2.3026fir/F used 
by them and computed from the univereal constants given in the Inter- 
national Critical Tables (63) are also given in the table. It is of some 
importance to note that the values of R, T ^ice point), and F, compiled 
by Birge (11), would lead to somewhat different values of K (e.g., 0.22223 
instead of 0.22239 volt at 25'’C.) (60). This will also affect the values 
of y and of other derived quantities to a lesser extent. 

> The mean activity coefficient of the acid in water, from the results of 
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3 

0.9879 

0.9831 

0.9734 

0 9632 

0 9491 

0 9235 

0 8987 

0 8666 

0 8168 
0.7813 

0 7437 

0 7237 

0 7541 
0.8178 
0.9072 

0 9832 

0 01805 

h 

0 9879 

0 9833 

0 9735 

0 9636 

0 9497 

0 9240 

0 8990 

0 8680 

0 8195 
0.7829 

0 7474 

0 7292 

0 7628 

0 8276 
0.9186 

0.9855 

0 01805 

k 

0 9879 

0 9831 

0 9738 
0.9639 
0.9500 

0 9250 

0 9000 

0 8690 
0.8211 

0 7850 
0.7508 
0.7344 

0 7697 

0 8404 

0 9327 

0 9879 

0 01815 

k 

0 9883 

0 9835 

0 9741 

0 9644 
0.9504 

0 9261 

0 9008 

0 8704 

0 8232 

0 7872 

0 7538 

0 7387 

0 7790 

0 8517 
0.9481 

0 9901 

0 01815 

3 

0 9885 

0 9833 

0 9741 
0.9643 
0.9505 

0 9265 

0 9016 

0 8715 

0 8246 

0 7891 

0 7569 

0 7432 
0.7865 

0 8601 

0 9602 

0 9922 

0 01825 

tei 

e<a 

0 9886 

0 9838 
0.9745 

0 9647 

0 9513 

0 9268 

0 9025 

0 8731 

0 8265 

0 7918 

0 7604 
0.7477 

0 7942 
0.8740 

0 9755 

0 9941 

0 01825 

3 

0 9890 

0 9835 

0 9747 

0 9650 

0 9515 

0 9275 

0 9034 

0 8741 

0 8285 

0 7940 

0 7630 

0 7526 

0 8018 

0 8849 

0 9929 

0 9958 

0 01822 

0 

0 9891 

0 9842 

0 9752 

0 9656 

0 9521 

0 9285 

0 9048 
0.8755 

0 8304 

0 7964 

0 7667 
0.7571 

0 8090 

0 8962 

1 009 

1 316 

1 762 

0 9972 

0 01817 

1 

1 

3 

0 9892 

0 9844 

0 9759 
0.9661 

0 9527 

0 9294 

0 9052 

0 8768 

0 8317 

0 7985 
0.7694 

0 7616 

0 8162 

0 9065 

1 024 

1 345 

1 812 

0 9982 

0 01805 

So ^ 

0 9890 

0 9844 

0 9757 

0 9661 
0.9530 

0 9297 

0 9055 

0 8770 

0 8329 

0 8000 

0 7717 

0 7658 

0 8229 

0 9154 
1.039 

1 373 

1 862 

0 9990 

0 01782 

•01 

0 9890 

0 9846 
0.9756 

0 9666 

0 9544 

0 9300 

0 9055 

0 8773 

0 8338 

0 8016 

0 7740 

0 7694 

0 8295 
0.9270 

1 053 
1.401 
1.911 
0.9995 

0.01760 

St3 

0.9886 

0 9847 

0 9756 

0 9662 

0 9539 
0.9300 

0 9056 

0 8768 
0.8344 
0.8023 
0.7756 

0 7730 

0 8363 
0.9365 
1.068 
1.427 
1.960 

1 0000 

0 01742 

o 

0 9890 
0.9848 

0 9756 

0 9668 

0 9541 

0 9303 
0.9065 

0 8774 
0.8346 

0 8027 

0 7756 

0 7761 
0.8419 

0 9452 

1 078 
1.452 
2.006 
0.9998 

0 01707 




o o o o 


8 0 Q <M 

o o o o 

’ o o o o 


o W ^5 
o o o o 


U5 

T-I c^' CO 

Q ^ 


* The results from 0.0001 to 0 001 M inclusive were obtained from values of E taken from the plots used in determining by 
extrapolation. 

t Extensive results at concentrations from 3 to 16 M have been obtained by Akerlof and Teare (4). 
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Harned and Ehlers, is recorded in table 3. Values of y in dioxane-water 
mixtures have been compiled elsewhere (41, 42, 43, 52, 58) and, since they 
have a more specialized value, will not be recorded here. They will be 
employed, however, to illustrate certain theoretical considerations. 

A. The activity coefficient as a function of the electrolyte, concentration 

A very good example of the effect of electrolyte concentration upon the 
activity coefficient of a 1-1 electrolyte is shown in figure 1, in which log y 



Fig. 1. Logarithm of the activity coefficient of hydrochloric acid in dioxane-water 
mixtures at 25®C. The straight lines (dashed) re]>resent the limiting law. The 
figures on the right give the weight percentages of dioxane in the mixtures. 

of hydrochloric acid in water and in dioxanc-water mixtures at 25®C. is 
plotted against the square root of the molality, The straight lines 

represent the plots of the limiting theoretical equations for log / in these 
solvents, 

log/ = — S(/)V'^ (23) 

|Obtained by combining equations 7 and 18. Note that in the theoretical 
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equation, valid at infinite dilution, c may be replaced by mdo . At con- 
stant temperature the limiting slope, S(j ) , for a 1~1 electrolyte is given by 


1.283 X 10® 

{j)Tyi2 


(24) 


and is a function of the dielectric constant of the solvent only. The di- 
electric constants of water and the 20, 45, 70, and 82 per cent dioxane^water 
mixtures at 25'’C. are 78.54 (143), 60.79, 38.48, 17.69, and 9.53 (3), respec- 
tively. These yield 0.5065, 0.7437, 1.477, 4.738, and 11.98 for the limiting 
slopes of these plots, >S(/)V^, respectively. 

The most striking characteristic of the plots in figure 1 is the general 
agreement in dilute solutions of the observed values with those predicted 
by theory. The limiting slope, S(/)\/2, in the 82 per cent dioxane solution 
is about twenty-four times as great as in water, a very large effect indeed. 
This striking agreement of the observed results with theory in dilute solu- 
tions shows that coulombic forces alone account for the major part of the 
effect even in solutions of dielectric constant as low as 9.53. 

These curves also illustrate a number of characteristic behaviors of 1-1 
electrolytes. Beginning with the curve at the top representing the varia- 
tion of log 7 in water, we note that all of the observed points lie above the 
straight line which represents the theoretical law. This fact is character- 
istic of all strong electrolytes. A similar result occurs for the 20 per cent 
and 45 per cent dioxane-water mixtures, from wliich we may conclude 
that hydrochloric acid shows little tendency to form ion pairs in these 
solutions. The 70 per cent dioxane mixtures show a slightly different 
behavior, since three observed results at the lower concentrations lie on 
the limiting theoretical curve, indicating some ionic association. For the 
82 per cent dioxane mixtures the observed points lie somewhat below the 
theoretical curve at 0.001 and 0.0015 AT, and considerable formation of 
ionic pairs may be expected. 

The effect of ionic association is demonstrated in a much more pro- 
nounced manner by the curves of the molecular conductance of the acid 
in these solutions, shown in figure 2 (83, 124). In this case, the straight 
lines represent the theoretical limiting equation of Onsager, 

A = A® - S(a)V2^ (26) 

in which A is the molecular conductance, A® its value at infinite dilution, 
and aS(a) the theoretical slope. The cuiwes may be interpreted in the same 
manner as those in figure 1. Since the observed results in water and in 
the 20 per cent and 45 per cent dioxane-water mixtures lie above the 
theoretical curves, hydrochloric acid is a strong electrolyte in these solvents. 
In the 70 per cent dioxane solutions, the observed points lie below the 
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theoretical plot, indicating considerable ionic association. In the 82 per 
cent mixtures, hydrochloric acid shows the characteristic behavior of a 
weak electrolyte with an ionization constant of the order of 2 X 
It is sometimes found, even with aqueous solutions of electrolytes, that 
the experimental points fall below the theoretical limiting law, but the 
curve corresponding to 82 per cent dioxane-water mixtures affords so 
marked an example of this behavior that it is convenient at this point to 
mention that deviations in this direction from the limiting slope have been 



Fig. 2. Molecular conductance of hydrochloric acid in dioxane-water mixtures 
at 25°C. The straight lines represent the limiting Onsager conductance equation. 
The figures on the right give the weight percentages of dioxane in the mixtures. 


examined by Gronwall, LaMer, and Sandved (19, 67). Their treatment 
has been applied to media of D greater than 20, but computational diffi- 
culties intervene in the case of media of lower dielectric constant. For- 
tunately, another treatment, due to Bjerrum (12), is applicable even 
in media of low dielectric constant and is easier to visualize. Bjerrum 
examined the probabihty of ion-pair formation resulting from the action of 
Coulomb forces and showed that this probability would have a minimum 
value at a critical distance, g, from any selected ion, where 


^ €^ZiZ2 1 

® WKT 


(26) 
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At distances greater than q the probability of ion-pair formation may be 
neglected, but for distances less than q the probability increases very 
rapidly. For a 1-1 electrolyte in aqueous solution, g is of the order of 
3.5 A. and, clearlv, if the distance of closest approach of the ions, a, is 
greater than 3.5 A., the electrolyte may be treated as completely disso- 
ciated. If, however, a is less than g, ion-pair formation occurs, and 
Bjerrum therefore treated all pairs of ions within a distance q as undis- 
sociated molecules, subject to a mass action equilibrium with the ions at 
distances greater than g. These were treated as fully dissociated, in con- 
formity with the Debye-Hiickel equations. Thus the dissociation con- 
stant is 

= 2 / 12(1 — o!)ly\yiotc (27) 

where a is the fraction of ions forming ion pairs. As a result of his calcu- 
lations, Bjernim evaluated K as 

where 

Q(b) = f *dr 

h r 

and 

aDkT 

a, the distance of closest approach, being the only quantit}^ characteristic 
of a given electrolyte. 

Table 4 contains values of —log K corresponding to different values of 
a and D, from which it may be seen that ion-pair formation is extremely 
sensitive to changes in the dielectric constant of the medium. The con- 
ductance data of Owen and Waters (80) give K = 2 X 10”^ for hydro- 
chloric acid in an 82 per cent dioxane mixture (D = 9.53), From this 
table we see that this value of K corresponds to an a value of approxi- 
mately 6 Angstroms, which is close to the value found in aqueous solutions 
by means of the Debye-Hiickel equation. 

The data in table 3 show that log 7 at a given temperature passes 
through a minimum and then increases with increasing electrolyte con- 
centration. This behavior is typical of many strong electrolytes. In 
order to calculate log 7 as a function of the electrolyte concentration 
throughout a wide concentration range (0 to 4 M), it is necessary to intro- 
duce certain modifications of the Debye-Hiickel theory. At low concen- 


(28) 

(29) 

(30) 
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trations the correction due to the finite size of the ions is important. In 
figure 3 we have plotted log 7 against \/m as calculated by the limiting 
law (curve 1) and with the term which allows for an a value of 4.3 in 
equation 21 (curve 2). It will be noted that allowance for the a term 
raises the calculated value of the activity coefficient, but not sufficiently 


TABLE 4 


Dissociation constant, K, of ion pairs as a function of dielectric constant and 
mean tome diameter 


J) 


— 1.00 K 



a » 4 

a-fi 

a *• 6 

0-7 

60 

40 

-0.06 

0 93 

0.73 

0.48 


20 

2 37 

2 18 

2 04 

1 96 

10 

4.79 

4 01 

3 65 

3 42 

5 

10 41 

8 41 

7.12 

6.29 

2.5 

22 17 

17.77 

14 84 

12 82 



Fig. 3. Illustrating the magnitude ol 
solutions of hydrochloric acid at 25®C. 
effect of d; curve 3, curve 2 + effect of 
term. O, experimental points. 


different terms of equation 31 for aqueous 
Curve 1, limiting law; curve 2, curve 1 + 
Be term; curve 4, curve 3 + effect of D'c* 


to give a T ninimnm in the curve. To represent the behavior at higher con- 
centrations it is necessary to introduce terms uf higher powers in c to the 
right of equation 21. Hamed and Ehlers (44) showed that the relation 

loe .y = + Be + D’c^ - log (1 + 0.036 to) (31) 

1-\-AV2c 
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was sufficient for the accurate computation of hydrochloric acid solutions 
from 0° to 6()°C. and from 0 to 4 M, an d value of 4.3 being used, and the 
empirical constants, B and D', being expressed by: 


B = 0.1390 - 0.000392^ (32) 

Z>' = 0.0070 ~ 0.000033^ (33) 

The equation 

c/m — ai + bim (34) 


may be used for the conversion of molalities into molarities. Values of 
tti and hi are given at the bottom of table 3. 

Harned and Khlers included the terms for the Gronwall, LaA4er, and 
Sandved extension of the theory in their calculations, but for 1-1 electro- 
lytes in water these are very small and have been omitted here. Equation 
31, with these constants, will reproduce the experimental results with an 
accuracy of ±0.001 in y over the concentration and temperature ranges 
indicated. We shall find it very useful in the subsequent treatment and 
discussion of 1-1 electrolytes. 


B. The activity coefficient ac a function of pressure* 

The effect of pressure upon activity coefficients and ionic equilibria in 
general is of considerable interest in geological and oceanographical prob- 
lems. There are sufficient data available concerning the partial molal 
volumes and their variation with pressure to estimate the activity coeffi- 
cients of some electrolytes up to 1000 atmospheres pressure. A few ex- 
amples for 1-1 electrolytes will suffice to give an idea of the magnitude of 
the pressure effect. 

For a 1-1 electrolyte, equation 11 becomes 


a In 7 I _V 2 - f S 

dP Jt.« 2RT 


(35) 


whore F 2 and Fj are the partial molal volumes of solute at the concentra- 
tion to which y refers and at infinite dilution, respectively. If, as a first 
approximation, (V 2 — F§) is assumed to be independent of the pressure, 
integration of this equation gives 


log y = log 7 (p«i) + 


(Fs - FS) 

4.606«r 


(P- 1) 


(36) 


* We are indebted to Dr. Benton B. Owen of Yale University for material used in 
these calculations. 
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where y is the activity coefficient at pressure P. Furthermore, to a good 
approximation 

(37) 

where & is an isothermal constant characteristic of a given electrolyte. 
Combination of these two equations leads to 

log y = log ^ (P - 1) Vc" (38) 

or, at 25°C., 

log y = log 7 ,p_i) + 0.888 X 10“‘(P - ^)k^y7 (39) 

For more accurate calculations, especially at high pressures, we must em- 
ploy the expression, 

if 2 - T2) = (^2 - f1)^_a - (Ri - Rl)iP - 1) (40) 

where K 2 and Kl are the partial molal compressibilities of the solute. 
Substituting this expression for (Fj — FJ) in equation 36, and using the 
sufficiently close empirical approximation, 

R 2 - .S? = k'y/7 (41) 

we obtain at 25®C. the result: 

log y = log 7 (P_ 1 , + 0.888 X 10~‘*(P - 1) 


- 0.444 X 10~‘fc'(P - l)"\/c (42) 

The magnitude of the pressure effect is illustrated by table 5, which 
contains data for the activity coefficient of hydrochloric acid at 1, 100, 
and 1000 atmospheres at four concentrations, and for potassium chloride, 
sodium chloride, and sodium hydroxide at unit concentration. At 100 
atmospheres, the additional correction introduced in equation 42 is in- 
appreciable, but at 1000 atmospheres, a comparison of the results calcu- 
lated by equations 39 and 42 shows that it is no longer negligible. The 
last two rows contain the values of k and employed in the calculation. 
Values of k were determined from the data of Scott (122), Gcffcken (18), 
and Gucker (20), and values of fc' were obtained from Gucker and Rub in ^s 
(21) computations of the data of Lanman and Mair (69). 

The activity coefficient of hydrochloric acid is not influenced greatly by 
a change in pressure. Even in a 2 Jlf solution, only a 3 per cent change 
in y is produced by a change in pressure of 1000 atmospheres. For the 
other electrolytes, the influence of prassure is somewhat greater. The 
largest effect, of 10 per cent, occurs with the activity coefficient of sodium 
iiydroxide. 
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TABLE 5 

Effect of pressure on activity coefficients at 26°C. 





ACTIVITY COKFFICIKNTS 


- 

p 

HCl 

KCl 

NaCl 

NaOH 


c - 0.1 

c - 0.5 

c - 1.0 

1 

c - 20 

c- 1 

c -» 1 

c •» 1 

1 

0 797 

0 757 

0 807 

0 991 

0.605 

0.6545 

0.6775 

100 

0 7975 

0 759 

0 809 

0.995 

0 609 

0.659 

0.686 

1000* 

0 803 

0.771 

0 828 

1 0275 




lOOOt 

0 802 

0 768 

0 829 

1 021 

0 637 

0 687 

0 745 

k 

1.25 




3.49 

3 23 

6.27 

k' X 10< 

4.5 




18.6 1 

17 1 

31.3 


* Equation 39. 
t Equation 42 


TABLE 6 


Standard potentials of the cells at B5°C.: 

Ha I HCl (w), Solvent (iVa), HjO (Ni) \ AgCl--Ag 
Ni, N 2 *= mol fractions 


SOLVUNT 


D 

m 

0 

E 

c 

< 

B]DFBR> 

BNC® 

Water 

0 

78 54 

0 22239 

0 22151 

0 01602 

(44) 

Mcthanol-vvater 

0 0588 

74.0 

0.21535 

0.21431 

0 01124 

(57) 

Methanol-water 

0 1233 

69 2 

0 20881 

0 20692 

0 00710 

(57) 

Methanol-water 

1. 

31.5 

~0 0101 



(79) 

Ethanol-water 

0.0417 

72.8 

0.21442 

0.21340 

0 01123 

(36) 

Ethanol -water 

0.0891 

67,0 

0.20736 

0 20561 

0 00763 

(36) 

Ethanol-water 

1. 

24 3 

-0 0740 



(142) 

Glycerol-water 

0 01 

77 

0.2196 

0.2201 

0 0153 

(73) 

GlyceroI-water 

0.05 

72 

0 2082 

0 2106 

0.0107 

(73) 

2-Propanol-water 

0 0323 

71 4 

0 21363 

0.21266 

0.01096 

(36) 

Dioxane-w'ater 

0 0487 

60.8 

0 20303 

0 20375 

0 00554 

(52) 

Dioxane-water 

0 1433 

38.5 

0 16352 

0.16513 

-0 02002 

(52) 

Dioxane-water 

0 3231 

17.7 

0.06395 

0.06584 

-0.10049 

(52) 

Dioxane-water 

0 4823 

9.5 

-0.0413 

-0.0396 

-0.19339 

(52) 


C. Standard potentials as a function of the composition and dielectric constant 

of the medium 

A^alues of the standard potential of the cell, 

I HCl (m), S (iVj), HjO {N{) \ AgCl - Ag 

in some organic solvent-water mixtures at 25°C. on the m-, c-, and iV-scales 
are given in table 6. From equation 1 and the relation between electro- 
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motive force and free energy, it follows that the standard potentials, 
^ , and ifh, are related by 

^ + 0.1183 log do (43) 

= K - 0.1183 log 1000/Mxr (44) 

For mixed solvents, Afxy , is defined by 


Mxk = 


1000 

Ml ^ Ml 


(45) 


where X and Y are the weight percentages, and Mi and Mj are the molecu- 
lar weights of the two solvents, respectively (51). 

In the upper portion of figure 4, is plotted against 1/Z) for media at 
high dielectric constant (D ^ 80 to 60). The origin of the plots on the 
left of the figure represents for pure water. None of the plots is a 
straight line. Further, they exhibit pronounced individual behaviors. 
Plots oi Bfi y or y versus l/D have similar characteristics. 

The phenomenon of transfer of the acid from water to water-solvent 
mixtures can be treated conveniently in the following manner: The electro- 
motive force of these cells at 25®C. may be represented by two funda- 
mental equations: 

E — ifm — 0.05915 log maWci — 0.05915 log yhTci (46) 

E = If * - 0.05915 log mama - 0.05915 log 7 ^ 7*1 (47) 

In these, £„ is the standard potential in water, 7 h7ci is the activity coefih- 
cient in any of these solutions relative to unity at infinite dilution in 
water j and is the standard potential in any mixture relative to unit 
activity coeflScient, infinite dilution in that solvent Combina- 

tion of these equations yields 


El - ET = 0.05915 log (48) 

ThTCI 

The superscript asterisk is employed when a transfer of an electrolyte from 
one medium to another is under consideration. 

Further, by using the thermodynamic relationships of the reaction, 

H+ + cr + H,0 H,0+ + CF 


equations 46 and 47 may be combined to give 

El - (ET - 0.05915 log o„) = 0.05915 log 

I 7Hi07C1 


( 49 ) 
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where is the activity of water in any mixture. Similarly, 

= 0.05915 log a„) = 0.05915 log-^i^^ (50) 

/h»o/ci 

The activity of pure water by convention is unity. Partial vapor pressure 
data indicate that, as an approximation, iVi , the mol fraction of water, 
may be substituted for in the solvent mixtures of high water content. 
This suggests the plot of {E%* — 0.05915 log Ni) versus l/D, shown at 



Fig 4. Plots of (upper curve) and {E% — 0.05916 log A^i) (lower curve) against 
1/D ♦, water, O, methanol-water, □, ethanol-water; 0, glyeerol -water; -f, 

2-propanol”Water, #, dioxanc-watcr. 

the bottom of figure 4. In contradistinction to the result illustrated at 
the top of figure 4, the points for all the solvents fall very nearly on the 
same line. This observation may prpve of considerable value in organizing 
data of this kind, if the result is verified by future experimental investiga- 
tions. Further accurate data for the partial vapor pressure of such mix- 
tures are highly desirable. 

D. The influence of temperature upon the activity coeflicient 

The variation of the actmty coefficient with temperature is determined 
by the relative partial molal heat content and heat capacity of the solute. 
Thus, if the activity coefficient has been determined directly over a range 
of temperature, equations 9 and 12 giveL 2 and I 2 . The methods of com- 
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putation have been discussed by Harned and Ehlers, who calculated these 
thermal quantities from the data in table 3. The thermal quantities can 
also be determined by direct calorimetric experiments, and concordance 
between the two methods is valuable in giving confidence in the original 
activity coefficient data. Jn table 7 we give the three constants of a 
formula by means of which L 2 and J 2 may be expressed, the constants being 
calculated from e.m.f. data. In this table we also give the values of these 
quantities at 25°C. (columns 5 and 7) compared with the same quantities 
(columns 6 and 8) determined from the calorimetric measurements of 
Sturtevant (137) and of Gucker and Schminke (22), respectively. Con- 


TABLE 7 

Partial molal heat content and heat capacity of hydrochloric acid in aqueous solution 

L 2 = i>2(o*) -f + fiP 


(1) 

m 

(2) 

(3) 

a 

(4) 

(6) 

^2(25“) 

I (6) 

^2(26") 

(7) 

•^2(26“) 

(8) 

/2(26*) 





e.mj". 

cal. 


eat. 

0 005 

28 

0 70 

0 003 

47 


0.85 


0 01 

39 

1 00 

0.003 

66 

71 

1 15 


0 02 

52 

1 30 

0 004 

87 

100 

1 5 


0.05 

82 

1 85 

0 006 

132 

150 

2 15 


0.1 

113 

2 50 

0 008 

181 

203 

2.9 

2.4 

0 2 

159 

3 20 

0 009 

245 

274 

3 65 

3.4 

0.5 

272 

4 70 

0.011 

396 

431 

5 25 

5 3 

1.0 

427 

6.80 

0 015 

606 

645 

7 65 

7 5 

1.5 

615 

8 20 

0 019 

832 

860 

9 15 

9 2 

2 0 

791 

10 00 

0 023 

1055 

1056 

11.15 

10.6 

3 0 

1175 

12 45 

0 031 

1506 

1486 

14 0 

13.0 

4.0 

1604 

14.70 

0 040 

1997 


16 7 

15.0 


sidering the difficulties involved in both types of measurements, the agree- 
ment between the values obtained is good. Moreover, in dilute solutions 
the values of both L 2 and J 2 approach the limiting values given by equa- 
tions 19 and 20. Substituting the data given in table 1, the limiting 
equations at 25®C. are:L 2 == 50S\/2c and 72 = 9.44\/2c; hence at 0.01 M, 
L 2 = 72 calories and 72 == 1.3 calories deg.“^ These compare well with 
the observed values. A more general discussion of the variation of the 
activity coefficients of strong electrolytes with temi)erature will be reserved 
for section VII. 

III. ISOPIESTIC VAPOR PRESSURE MEASUREMENTS 

This method depends on the principle that in an enclosed space con- 
taining solutions of two salts, equilibrium will be reached by a distillation 
of solvent from the solution of higher to the solution of lower vapor pres- 
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sure until the concentrations are so adjusted that the vapor pressures of 
the two solutions are equal. The concentrations of the two isopiestic 
solutions, i.e., solutions of equal vapor pressure, may be obtained from the 
weight of salt employed and the weight of each solution after equilibrium 
has been attained. The successful operation (64, 74, 107, 116, 130) of the 
method depends upon the elimination of temperature gradients between 
the solutions, the requisite thermal contact being obtained by using silver 
containers resting on a thick copper block. Platinum and stainless steel 
dishes have also been found useful when working with corrosive substances, 
but the lower thermal conductivity of these metals makes the attainment 
of equilibrium a more lengthy process. The experimental results may be 
exprassed by a plot of the isopiestic ratio, R ^ vumnlvm^ against m, where 
rriR is the molality of a reference salt, such as potassium chloride, and m 
is the molality of the solution under investigation which has the same 
vapor pressure. Solutions of the salt are compared with solutions of the 
reference salt by a repetition of the experiment at different concentrations, 
and usually some twenty or thirty measurements are made to cover a 
concentration range from 0.1 to 4 M. 

The evaluation of the activity coefficient of the salt may be made in two 
ways. In the first method, it is assumed that a standard curve of the 
osmotic coefficient of potassium chloride against the molality is known. 
The condition for equilibrium is that the partial molal free energy of 
solvent is the same in each solution, or 

mruf) = 2ms4>R (51) 

or, introducing the isopiestic ratio, 

(f} = R<}>r (52) 

wdiere the subscript R refers to potassium chloride. Thus, from the 
standard curve and the plot of the isopiestic ratio, may be obtained at 
round concentrations and the activity coefficient of the salt may be calcu- 
lated by the equation of Randall and White (88) : 

— \ny = h + 2f h/ y/m • dy/ m (53) 

Jo 

where 

h = 1 — </) 

In the second method, a standard curve of the activity coefficient of po- 
tassium chloride against the molality is required. This, together with the 
curve of the isopiestic ratio, enables the activity coefficient to be evaluated 
by the equation of Robinson and Sinclair (107) : 

In 7 = In tb -f In 72 4- 2 f * (72 ~ l)/y/^-dy/ap (54) 
Jo 
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where Ur s yRiriR , and yr is the activity coefficient of potassium chloride 
at a concentration, ttir , isopiestic with the solution of salt at a molality, 
m, at which the activity coefficient of the salt is y. 

The accuracy with which activity coefficients may be obtained by this 
method depends on two factors: in the first place, the accuracy with which 
R may be determined and, secondly, the accuracy with which the set of 
activity coefficients, yn , of the reference salt is known. The first factor 
expresses the extent to which reproducible equilibria are attained in these 
experiments. Independent deteiTninations in three laboratories show 
that, from careful experiments under optimurq conditions, R may be deter- 
mined with an accuracy of zh0.05 per cent; this corresponds to an accuracy 

TABLE 8 


Osmotic and activity coefficients of sodium and potassium chlorides at 


m 

^NaCl 

'yNaCI 

^Ka 

•yKQ 

0 1 

0.932 

0.778 

0 926 

0 769 

0 2 

0 925 

0 734 

1 0 913 

0.717 

0 3 

0.921 

0.710 

0 906 

0.687 

0 5 

0 922 

0.682 

0 900 

0.650 

0 7 

0 927 

0.668 

0 898 

0 626 

1 0 

0 938 

0 658 

0 899 

0 605 

1 5 

0 959 

0 659 

0 906 

0 585 

2 0 

0 986 

0 671 

0.915 

0 575 

2 5 

1 017 

0 692 

0.927 

0 572 

3,0 

1 050 

0 720 

0.941 

0.573 

3 6 

1 085 

0 753 

0.955 

0 576 

4 0 

1 122 

0.792 

0.970 

0.582 

4.5 



0 985 ! 

0 590 

4 81 



0 996 

0 595 


of approximately 0.1 per cent in the determination of an activity coeffi- 
cient. The method is therefore comparable in precision with the e.m.f., 
freezing-point, and boiling-point methods. 

The uncertainty in the data for the reference salt is, unfortunately, 
larger, since it is a matter of considerable difficulty to determine an activity 
coefficient over the requisite wide range of concentration, and investi- 
gators have differed over the values to be assigned to the reference salt 
(65, 107, 130). The importance of obtaining a very accurate standard 
cannot be overestimated, and further direct determinations on a simple 
salt, such as sodium or potassium chloride, would be desirable. For the 
computation of results to be given later, a standard will be adopted which 
is based on an examination of the e.m.f, data for sodium and potassium 
c^orides and bromides (28, 38, 39, 40, 63), and of the direct vapor pressure 
data of Lovelace, Frazer, and Sease (71) on potassium chloride and of 
Negus (77) on sodium chloride. Table 8 gives the osmotic and activity 



440 


llOBERT A. ROBINSON AND HERBERT S. HARNED 


coefficients of potassium chloride which will be used as standards, together 
with similar data for sodium chloride. 

Independent e.m.f. and isopiestic measurements have been made on a 
number of salts, and a comparison of the activity coefficients obtained by 
the two methods gives some information about the accuracy which may 
be expected. In table 9 we have made such comparisons, for a number of 
electrolytes, by recording the ratio of the activity coefficient calculated 
from ic.M.F. data to that given by the isopiestic method. In the case of 
sodium chloride, careful measurements were made by both methods and 
the agreement Ls the best yet obtained. Up to 1 M the data for sodium 
bromide are equally satisfactory. The data for cadmium iodide, sulfuric 

TABLPJ 9 


Comparison of activity coefficients determined by electromotive force and isopiestic 

methods at 25°C. 


m 

RATIO TK.M.F./'TisopiestlC 

NaQ 

NaBr 

ZnS04 

Cdl* 

H,S04 

SrQt 

0.1 

1 001 

1 001 

1 000* 

1 006 

1.003 

1.000* 

0 2 

0 998 

1 001 

] 000 

J 000* 

1 007 

1 009 

0 5 

0 999 I 

1 000 

1 013 

1 013 

0 999 

1 009 

J 0 

1 000 

0 998 

1 on 

1 1 012 

1 002 

0.989 

2 0 

1.000 

1 003 

1.010 

1 oil 

0 983 

1 008 

3 0 

1 000 

1 on 

1 030 


0 998 


4 0 

1 001 

0.996 





References 

(39) 

(28, 40) 

(10) 

(8) 

(46) 

(72) 

( Isopiestic 

(95) 

(95) 

(106) 

(111) 

(98) 

(99) 


* Ratio assumed to be unity at this concentration. 


acid, and strontium chloride show good agreement, although not of the 
order which could probably be obtained by more extensive and careful 
experiments. The ratios for zinc sulfate represent a poorer case, where 
the accuracy may have been marred by factors such as the purity of 
the salt. 

IV. THE ACTIVITY COEFFICIENTS OF ELECTROLYTES AT 25° C. 

The E.M.F. and isopiestic vapor pressure methods ha\e been applied to a 
large number of strong electrolytes at 25°C. and in many cases both 
methods have been applied to the same electrolyte. We have reduced 
all the isopiestic data to the set of reference values given in table 8, and 
we shall now tabulate the activity coefficients of eighty-four electrolytes 
at 25°C'., selecting those values which, in our opinion, are the more reliable 
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in the few cases in which the two methods yield divergent results. The 
tables will be followed by brief notes on the order of accuracy to be 
expected. 

The tabulated results have been grouped as follows: 


Table 10: The chlorides, bromides, and iodides of the five alkali metals. A plot of 
the activity coefficients against concentration gives a series of non- 
intersecting curves for which the order is Li > Na > K > Rb > Cs for 
each halide, 1 > Br > Cl for the lithium, sodium, and potassium salts, 
and Cl > Br > I for the rubidium and cesium salts. 

Table 11: Some alkali-metal acetates, hydroxides, and fluorides for which the order 
of the activity coefficient curves is Cs > Rb > K > Na > Li. 

Table 12: Alkali-metal nitrates and p-toluenesulfonates and some thallous salts. 
Most of these salts exhibit incomplete dissociation. 

Table 13: The results for 1-1 electrolytes are concluded with data for hydrobromic 
and hydriodic acids and for sodium and potassium thiocyanates. 

Table 14: Sulfuric acid. 

Table 15: A group of eighteen bivalent-metal halides. 

Table 16: Six other 1-2 electrolytes, viz , barium hydroxide, lithium sulfate, sodium 
sulfate, potassium sulfate, sodium thiosulfate, and calcium nitrate. 

Table 17 : Six sulfates of bivalent metals 

Table 18: Nine chlorides of trivalent metals. 


Table 19: Three salts of higher valence type. 


The following specialized notes will be useful to those interested in the 
order of accuracy which we would ascribe to these results: 

Table 10, The data for sodium chloride and bromide, for potassium 
chloride, bromide, and iodide, and for cesium chloride are taken from very 
careful isopiestic measurements, and in each case an equally reliable set 
of E.M.F. measurements (28, 38, 39, 40, 53, 55) has been made. The two 
methods check within 0.002 in y or less at nearly all concentrations. 

The isopiestic results for lithium chloride and bromide and for sodium 
iodide are also confirmed by the results of e.m.p. measurements (28), but 
we would not attribute the same standard of accuracy to these determina- 
tions. The E.M.F. data for sodium iodide agree within 0.005 in y up to 
1 M, the highest concentration at which e.m.p. measurements were made, 
and a similar agreement is obtained for lithium chloride and lithium 
bromide up to 1 M, above which larger discrepancies occur, indicating the 
need for further isopiestic measurements on these two salts. Electrodes 
of lithium amalgam have not proved suitable for precise work (28). 

The data for lithium iodide, for rubidium chloride, bromide, and iodide, 
and for cesium bromide and iodide depend on isopiestic data alone. The 
results for lithium iodide, in particular, should be investigated further. 

Table 1 1 . The values for the acetates and fluorides were evaluated from 
isopiestic data but, in the case of lithium, sodium, and potassium acetates 
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* Scatchard and Prentiss (117, 118) have given data for ammonium chloride, ammonium bromide, ammonium iodide, lithium 
chloride, sodium chloride, potassium chloride, lithium bromide, sodium bromide, and potassium bromide at the freezing point. 
Brown andMacInnes (13) have derived the activity coefficient of sodium chloride at concentrations less than 0.1 M from cells with 
transference at 25®C. ; Shedlovsky and Macinnes (127) have made similar measurements on potassium chloride up to 4 M, Robinson 
(96) has measured the isopiestic ratio, mKci/^Nacii in deuterium oxide. 
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and of sodium and potassium fluorides, results derived from freezing-point 
measurements give reasonable temperature coefficients of the activity 
coefficients, indicating that the data for these salts are at least moderately 
accurate. 

The data for the hydroxides are from e.m.p. measurements and the re- 
sults for all but lithium hydroxide should be fairly reliable. In the case 
of lithium hydroxide the extrapolation, as well as the results, are less 
accurate. 


TABLE 11 


Activity coefficients of alkah-metal acetates ^ hydroxides y and fluorides at 


ACTIVITT COUFFICIUNTS 


m 



LiAct 

NaAc 

KAc 

RbAc 

GsAo 

LiOH 

NaOH 

KOH 

CbOH 

NaF 

KF 

0.05 



1 



0.803 

0.818 

0.824 

0 831 



0 1 

0 782 

0 791 

0 796 

0 797 

0 798 

0 760 

0.766 

0.798 

0 802 

0 764 

0.774 

0.2 

0 740 

0 755 

0.767 

0 771 

0 773 

0 702 

0 727 

0.757 

0 761 

0 708 

0.727 

0.3 

0 718 

0 741 

0.752 

0.759 

0.763 j 





0 675 

0 701 

0.5 

0 698 

0 740 

0 751 

0 760 

0.765 

0 616 

0 693 

0.728 

0 780 

0.631 

0 672 

0.7 

0 691 

0 741 

0.755 

0.769 

0.777 





0.602 

0.657 

1.0 

0 690 

0 757 

0 779 

0 795 

0 802 

0 554 

0 679 

0.756 

0 780 

0.572 

0.649 

1 5 

0.709 

0 799 

0 839 

0.859 

0 868 

0 528 

0 683 

0.814 



0.649 

2.0 

0.734 

0.854 

0 910 

0 940 

0 952 

0.513 

0.698 

0.888 



0.663 

2 5 

0 769 

0.920 

0 993 

1.034 

1 046 

0 501 

0.729 

0 974 



0.684 

3.0 

0 807 

0 993 

1 086 

1.139 

1.153 

0.494 

0.774 

1.081 



0.713 

3.5 

0 847 

1 070 

1.187 

1.255 

1 277 

0.487 

0.826 

1.215 



0 748 

4 0 

0.893 





0 481 

0.888 

1 352 



0 790 

References 

(92) 

(92) 

(92) 

(93) 

(93) 

(56) 

(2, 48) 

(37) 

(55) 

(103) 

(103) 


* Scatchard and Prentiss (119) have given data for lithium, sodium, and potassium 
formates and acetates at the freezing point, 
t Ac acetate ion. 


Table 12, All the values in this table were obtained from Lsopicstic data; 
again it may be shown, from a consideration of freezing-point data, that 
the results for lithium, sodium, and potassium nitrates are at least mod- 
erately accurate. 

Table IS, The results for hydrobromic acid follow from e.m.f. measure- 
ments; for the other three electrolytes isopiestic data were used. 

Table I 4 , The values for sulfuric acid up to 0.1 M were obtained by 
accurate e.m.f. measurements. Between 0.1 and 3 M, the data quoted 
are the mean of isopiestic (98, 116, 129) and e.m.f. (46) results which were 
in good agreement. Values from 5 M upwards obtained by both e.m.f. 
apd direct vapor pressure measurements (123) are tabulated, since at some 
concentrations the agreement is not all that could be desired. 



TABLE 12 

Activity coefficients of alkali-melal nitrates and p-toluenesulfonates and of thallous 

salts at 


ACTIVITT COKFFICIKNTB 


m 



LiNOi 

NaNOi 

KNO. 

RbNO* 

CbNO. 

List 

NaS 

KS 

TlNOi 

Tiao4 

TlAc 

0 1 

0.788 

0 758 

0 733 

0 730 

0.729 

0.773 

0.764 

0 760 

0 701 

0 730 

0 748 

0 2 

0 751 

0 702 

0 659 

0 656 

0 651 

0 729 

0.708 

0 701 

0.605 

0 652 

0.684 

0 3 

0 737 

0 664 

0 607 

0 603 

0.598 

0 698 

0 672 

0 662 

0.544 

0.599 

0.643 

0 5 

0.728 

0 615 

0 542 

0.534 

0.526 

0 664 

0 624 

0.607 


0.527 

0.588 

0 7 

0.731 

0 583 

0 494 

0 484 

0 475 

0 642 

0 592 

0.562 



0.552 

1 0 

0.746 

0 548 

0 441 

0 429 

0 419 

0.621 

0 551 

0.509 



0.513 

1 5 

0 783 

0 509 

0 378 

0 365 

0 354 

0 595 

0 502 

0.438 



0.472 

2 0 

0.840 

0.481 

0 327 

0 319 


0 574 

0 46f) 

0 387 



0 444 

2 5 

0 903 

0 457 

0 293 

0 284 


0.565 

0.428 

0 349 



0 422 

3 0 

0 973 

0 438 

0 266 

0.256 


0.563 

0.403 

0 318 



0.406 

3.5 

1 052 

0 423 

0 244 

0 235 


0 566 

0 385 

0 294 



0.390 

4 0 


0.410 


0.216 


0 573 

0 368 




0.377 

4 5 


0 398 


0.200 


0.584 





0 365 

5 0 


0 388 









0.354 

5 5 


0 380 









0.345 

6 0 


0.373 









0 336 

References 

(92) 

(92) 

(92) 

(93) 

(93) 

(92) 

(92) 

(92) 

(93) 

(93) 

(93) 


Scatchard. Prentiss, and Jones (117, 120, 121) have given data for ammonium 
nitrate, litinum nitrate, sodium nitrate, potassium nitrate, lithium chlorate, sodium 
chlorate, potassium chlorate, lithium perchlorate, sodium perchlorate, and potas- 
sium perchlorate at the freezing point. 

t S « p-toluencsulfonate ion; Ac ~ acetate ion. 


TABLE 13 

Activity coefficients of hydrobromic acid, hydriodic acid, sodium thiocyanate, and 
potassium thiocyanate at 26°C. 



ACTIVITY COBVFICXBNTB 


HBr 

HI 

NaCNS 

KCNS 

0.001 

0.966 




0.005 

0.930 




0.01 

0.906 




0 02 

0.879 




0.05 

0 838 

0 845 



0 1 

0 805 

0 818 

0 787 

1 0.769 

0 2 

0.782 

0.807 

0.750 

0.716 

0.3 


0.811 

0.731 

0.685 

0.5 

0.790 

0.839 

0.715 

0.646 

0 7 


0.883 

0.710 

0.623 

1. 

0 871 

0.965 

0.712 

0.600 

1.5 


1.139 

0.725 

0 574 

2.0 

1 169 

1.367 

0.751 

0.558 

2 6 


1.656 

0.784 

0.548 

3.0 

1.671 

2.025 

0.820 1 

0.542 

3.5 



0 860 i 

0.537 

4.0 



0 911 

0.533 

4.5 




0.631 

^ 0 



j 

0.529 
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Tahh 15, The data for the three magnesium salts, for barium bromide, 
and for manganese, cobalt, nickel, and cupric chlorides depend on iso- 
piestic data only, although some support from freezing-point measure- 
ments is obtained in the cases of magnesium chloride, barium bromide, 
and cupric chloride. The isopiestic data from which the results for cal- 
cium chloride were obtained do not agree with e.m.f. measurements, 

TABLE 14 


Activity coefficient oj sulfuric acid at 26°C, 


m 

7 

m 

1 

7 

m 

7 

0 0005 

0.885 

0.02 

0.453 

0.7 

0.140 

0.0007 

0.857 

0 03 

0.401 

1.0 

0.130 

0 001 

0 830 

0 05 

0 340 

1 5 

0 125 

0 002 

0 757 

0.07 

0 301 

2.0 

0.126 

0.003 

0 709 

0 1 

0 264 

2.5 

0.132 

0 005 

0 639 

0 2 

1 0.208 

3.0 

0.141 

0 007 

0.591 

0 3 

0.182 

3.5 

0.154 

0 01 

0 544 

0.5 

0 154 

4 0 1 

0.167 


m 

7 ( 1 ) 

7 (*) 

5 

0 212 

0.206 

6 

0.264 

0.254 

7 ’ 

0 326 

0.315 

8 

0.397 

0.385 

9 

0.470 

0 466 

10 

0 553 

0 557 

11 

0 643 

0.643 

12 

0.743 

0 763 

13 

0 830 

0.850 

14 

0 969 

1.009 

15 

1.093 

1.123 

16 

1 235 

1 270 

17 

1.387 


17.5 

1.473 



Electromotive force (46). 
Direct vapor pressure (123). 


which are known to be erroneous because of the erratic behavior of the 
calcium amalgam electrode. In the case of strontium chloride (72) and 
barium chloride (72, 138), e.m.f. data are available which check the iso- 
piestic data within approximately 0.003 in y. 

e.m.f. measurements were used to derive the data for lead chloride, zinc 
bromide, and zinc iodide. For zinc chloride, concordant e.m.f. and iso- 
piestic results were available; for cadmium chloride and cadmium iodide, 
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Shedlovsky and Macinnes (127) have obtained data at low concentrations from cells with transference. 

Parton, Robinson, and Metson (85) have made measurements on solutions of potassium chloride and of lead chloride. 
At 0.8 M . 
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TABLE 16 

Aclivity coefficients of 1-S electrolytes at IS^C. 


ACTiviTT coKmcismm 


m 



Ba(OH)s 

LuSOi 

NaiSOi 

KtS04 

NaiStOt 

Ca(NOi)i 

0.006 

0 773 






0.01 

0.712 






0.02 

0 628 



i 



0.06 

0 526 

0.547 

0.529 

0.529 



0.1 

0 441 

0 468 

0.445 

0.441 

0.455 

0.480 

0 2 

0 370 

0.399 

0.365 

0 361 

0 382 

0.421 

0.3 


0.362 

0 321 

0.317 

0.340 

0.391 

0.6 


0 321 

0 268 

0.264 

0.292 

0.360 

0.7 


0 290 

0 234 

0.233 

0 263 

0.344 

1 0 


0 280 

0 203 


0.236 

0 334 

1 2 


0 273 

0 188 


0 224 

0.332 

1.5 


0 268 

0 171 


0.212 

0 334 

2 0 


0 269 

0.153 


0 200 

0.343 

2 5 


0 278 

0.143 


0 197 

0 359 

3.0 


0 293 

0 138 


0 201 

0 379 

3 5 



0.136 


0 209 


4.0 



0 137 




Eleferences 

(50) 

( 1 . 112 ) 

(47, 112) 

( 112 ) 

( 112 ) 

( 101 ) 


TABLE 17 

Activity coefficients of bivalent-metal sulfates at {106) 


m 

activity cobfficibnts 

Mg804 

Mn804 

N 18 O 4 

CuSOi 

ZnS04 

CdS04 

0.1 

(0 150) 

(0 150) 

(0,150) 

(0.150) 

(0 160) 

(0 160) 

0 2 

0.1077 

0 1056 

0 1049 

0 1043 

0 104 

0 102 

0.3 

0.0877 

0 0850 

0.0841 

0.0834 

0 0831 

0.0815 

0 4 

0 0720 

0 0728 

0.0713 

0 0708 

0 0708 

0 0692 

0.5 

0 0678 

0.0643 

0.0628 

0.0624 

0.0626 

0.0609 

0.7 

0.0574 

0.0532 

0.0516 

0.0515 

0 0520 

0.0501 

1 0 

0.0488 

0 0441 

0.0426 

0 0425 

0.0134 

0 0411 

1.5 1 

0.0430 

0.0373 

0.0360 


0 0378 

0.0342 

2.0 

0 0419 

0.0351 

0.0343 


0.0360 

0.0318 

2.5 

0.0441 

0.0353 

0.0357 


0.0360 

0.0316 

3.0 

0.0495 

0,0376 



0.0397 

0.0327 

3.5 


0 0416 



0 0467 

0 0351 

4.0 


0 0478 





4.25 


0,0518 
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TABLE 18 

A cavity coefficients of trwalent-metal chlorides at 26°C. {75, 76, 76a, 98) 


ACTIVITT COEFFICIENTS 


m 

AlCh 

SeCh 

YCli 

LaCh 

CeCb 

PrCU 

NdCh 

SmCh 

EuCb 

0 05 

(0 447) 

(0 447) 

(0 447) 

(0 447) 

(0 447) 

(0 447) 

(0 447) 

(0 447) 

(0 447) 

0 1 

0 389 

0 384 

0 382 

0.383 

0 380 

0 380 

0.381 

0 385 

0.385 

0 2 

0 353 

0 341 

0 337 

0 337 

0 333 

0 333 

0 333 

0 340 

0 342 

0 3 

0 351 

0 333 

0 326 

0 323 

0 319 

0 319 

0 318 

0 329 

0 329 

0 5 

0 384 

0 355 

0 338 

0 328 

0 324 

0 322 

0 322 

0 333 

0.334 

0 7 

0 449 

0 403 

0 373 

0 354 

0 350 

0 346 

0 348 

0 363 

1 0 367 

1 0 

0 021 

0 523 

0 465 

0 424 

0 420 

0 413 

0 418 

0 442 

0 448 

1 2 

0 814 

0 G47 

0 559 

0 493 

0 488 

0 482 

0 4SS 

0 620 

0 527 

1 4 

1 087 

0 813 

0 686 

0 587 

0 577 

0 573 

0 581 

0 623 

0.637 

1 0 

i 1 508 

1 033 

0 858 


0 696 

i 0 686 

0 703 

0 761 

0.781 

1 S 

2 170 

1 326 

1 091 


0 862 

0 834 

0 862 

0 941 

0 973 

2 0 

1 


1 706 

1 417 


1 067 

1 033 

1.079 

1 182 

1.237 


TABLE 19 

Activity coefficients of salts of higher valence type at ^6°C. 


1 

m 

ACTIVITY coefficients 

AbCSOdi 

ln(S 04 )i 

K«Fe(CN)« 

0 01 


0.142 


0 02 


0 095 


0 03 


0 071 


0.05 


0 054 

0 189 

0 1 

0 0350 

0 035 

0 138 

0 2 

0 0223 

0 022 

0.107 

0 3 

0 0174 

0 017 

0 088 

0 4 

0 0151 

0 015 

0 076 

0 5 

0 0115 


0 067 

0 7 

0 0133 


0 055 

0 9 



0 050 

1 0 

0 0176 



1 1 

0.0197 


i 

References 

(93) 

(61) 

(93) 


Measurements have also been made on the following weak electiolytes and non- 
electrolytes: sucrose, glycerol, urea (116); glycine (89, 131), o:-alanine, a-amino-w- 
butyric acid, a-amino-n-valeric acid, a-amirioisobutyric acid, valine (132); /3-alanine, 
/ 3 -amino- 7 t-butyrir acid, 7-aminobutyric acid, /3-amino-n-valeric acid, 7 -amino-n- 
valeric acid, c-aminocaproic acid (133); proline, hydroxyprolinc, serine, threonine, 
sarcosine, and betaine (134). 
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E.M.F. results were used below and isopiestic results above 0.1 M] e.m.f. 
results were used for cadmium bromide but were supported by isopiestic 
measurements above 0.1 Af. 

Table 16. The data for barium hydroxide are derived from e.m.f. 
measurements; those for lithium and sodium hydroxides are from isopiestic 
and e.m.f. measurements which check within 0.002 in y. In the case of 
potassium sulfate, freezing-point data have also been considered. The 
results for sodium thiosulfate and for calcium nitrate follow from isopiestic 
data and are supported by freezing-point data. 

Table 17. The data for these 2-2 sulfates were obtained from isopiestic 
measurements and are all referred to a value of 7 = 0.150 at 0.1 M. In 
all cases freezing-point measurements confirm these results. For copper 
sulfate the e.m.f. results of Nielsen and Brown (78) check these activity 
coefficients within lass than 1 per cent; for data at lower concentrations 
reference may be made to the work of Wetrnore and Gordon (141). The 
E.M.F. data of Bray (10) on zinc sulfate check the isopiestic data within 
1.5 per cent up to 2.5 M; Cowperthwaite and LaMcr (15) made measure- 
ments at lower concentrations. There is a substantial divergence between 
the data recorded for cadmium sulfate and the e.m.f. results of LaMer 
and Parks (68). 

Table 18. These seven 1-3 chlorides were investigated by the isopiestic 
method; in the case of lanthanum chloride, independent measurements 
(76, 98) are in good agreement. All the results have been referred to 
7 = 0.447 at 0.05 M. Shedlovsky and Macinnes (128) have made meas- 
urements on cells with transference containing lanthanum chloride at low 
concentrations (see section VI). 

Table 19. The results for indium sulfate follow from the e.m.f. data of 
Hattox and DeVries (61); the data for aluminum sulfate and potassium 
ferrocyanide are obtained from isopiestic measurements. It is difficult to 
estimate the accuracy in these cases. 

It should be noted that, in the case of many of these polyvalent salts, 
there is considerable difficulty in assigning a reference value for the activity 
coefficient at the lowest concentration. This difficulty can be overcome 
only by precise studies of polyvalent electrolytes at low concentrations. 
This will require greatly improved technique or even a new mode of 
attack. 

V. GENERAL DISCUSSION OF THE ACTIVITY COEFFICIENTS OF 1-1 
ELECTROLYTES IN RELATION TO THE THEORY 
OF DEBYE AND HtlCKBL (17) 

A. The mean distance of approach of the ions, d 
I In figure 1 we have shown that the activity coefficient, of hydrochloric 
acid varies with increasing dilution in a manner fully consistent with the 
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limiting laws predicted by the interionic attraction theory of Debye and 
HiickeL Many other examples are now available to show that the limiting 
equations of Debye and Hiickel describe correctly the laws w'hich electro- 
lytes obey, the agreement be(5oming more exact as the dilution increases. 
The limiting laws, however, are strictly valid only at infinite dilution, and 
the factors which cause deviations at finite dilution are of great interest, 
as are also the theoretical interpretations of the properties of electrolytes 
at moderate or high concentrations. 

Debye and Huckel realized that a restriction due to the finite size of the 
ions must be put on the Coulomb forces and introduced the parameter, d, 
defined as the mean distance of approach of the ions, positive or negative. 
This led to an extension of the limiting law for activity coefficients of the 
form ; 


log/ = 


z^f)VT_ 

1 + i5.57d{DTy^'''Vr 


(55) 


1 +Kd\/f 


The values of K(= A/&) for water as solvent between 0° and lOCC. are 
given in the fifth column of table 1. 

Later Huckel (62) extended this theory by assuming tliat the dielectric 
constant of the medium varies linearly with the concentration of the ions, 
thus obtaining the equation: 


log/ = 


S(/)V f 
1 + KdVf 


+ Be 


(56) 


According to his theory, the term Be represents the effect of salt concen- 
tration on the dielectric constant. Usually there is a low'ering of the 
dielectric constant, corresponding to a “salting out” of the ions or a re- 
pulsive force between the ions opposite in sign to the interionic attraction 
effect expressed by the first term of equation 56. This effect increases the 
activity coefficient and, at high concentrations, this factor may be pre- 
dominant. 

If the parameters, d and By are evaluated from the experimental ma- 
terial, each is found to be characteristic of the electrolyte. The values of d 
are always of the right order of magnitude, viz.y of molecular dimension, 
but their numerical value depends somewhat on the method of calcu- 
lation employed. This is shown in table 20, which records values of d 
for hydrochloric acid, potassium chloride, and sodium chloride. The values 
of dy given in the first column of figures, have been calculated by the 
method used by Macinnes et ah (13, 126), using equation 21. If the linear 
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term of equation 56 is included in the computation, somewhat different d 
values are obtained, depending on the range of concentration over which 
the equation is fitted to the experimental data. Macinnes et aL have used 
equation 56 between 0.005 and 0.1 M. Hamed and Akerlof (33) have also 
used this equation between 0.1 and 3 M, and Earned et al between 0.1 
and 1 M (38), a better fit being obtained with the experimental data if 
the range of concentration is limited at 1 M. The values of d obtained 
by these three methods of computation are recorded in table 20 in column 3. 
If equation 57, containing a D'c^ term, is applied between 0.1 and 4 ilf, 
the values given in column 4 are obtained. Column 5 contains values 
derived by van Rysselberghe and Eisenberg, using an equation similar in 
form to equation 57 (see section V D, equation 66). We note that the 
different methods of computation do not lead to the same result, but that 
the values obtained are always of the right magnitude, usually somewhat 

TABLE 20 


o 

Mean distance of approach of tons, d, in Angstrdm units 


EOSCTBOliTTE 

(2) 

FROM 

EQUATION 21 

(3) 

PROM EQUATION 56 

(4) 

FROM 

EQUATION 67 

(5) 

FROM 

EQUATION 66 

0.006 to 0 1 Af 

0.006 to 0.1 M 

0.1 to 3 M 

O.lto lAf 

0.1 to 4 Af 

0.1 to 4 Af 

HCl 

5.6 

4 6 

3 6 

4 2 

4.3 


KCl . . . 

4.1 

3.7 

3 4 

3 8 

3.95 

3.2 

NaCl 

4.4 

4 0 

3.6 

4 0 

4.2 

3.7 


larger than the crystal dimensions, and that the d values are in the same 
order, HCl > NaCl > KCl, whichever way the calculation is made. 

There are two further matters of interest in connection with these d 
values. In the first place, it has been found that results over a tempera- 
ture range (0° to 40® or 60®C.) can be coordinated by the use of a value of d 
for each electrolyte which shows no tendency to vary with temperature. 
This has been demonstrated by measurements on hydrochloric acid and 
on a number of alkali-metal salts. Secondly, the d values for hydrochloric 
acid in dioxane-water mixtures have been found to be similar in magnitude 
to the values obtained in aqueous solution. Shedlovsky and Macinnes 
(126) obtained 5.6 for d in water. By similar methods, values of 5.0, 5.4, 
and 5.6 were obtained for 20, 45, and 70 per cent dioxane mixtures (32, 35), 
and conductance data (83) led to a value of 6.0 in the 82 per cent dioxane 
mixture. Experimental work, therefore, reveals no substantial variation 
of the value of d with either temperature or the composition of the solvent. 

The application of equation 56 to a large number of electrolytes leads 
t9 some interesting results for the alkali chlorides, bromides, and iodides. 
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and for hydrochloric acid and hydrobromic acid. Equation 56 can be used 
to represent the experimental results between 0.1 and IS) M with devia- 
tions which seldom exceed 0.002 in 7, the least satisfactory fit being ob- 
tained with lithium iodide. We have found, however, that it is not 
possible to represent the experimental data up to 4 M by means of equa- 
tion 5G, unless we are prepared to accept deviations between observed and 
calculated values which are much greater than the probable experimental 

TABLE 21 


Constants of equations 56^ 57, and 68 



EQUATION 56 

EQUATION 57 

EQUATION 58 


XLfiCTBOLTTn 

a 

B 

d 


D* 

Maxi* 

mum 

deviation 

bl 

hi 

(r++;r«) 

HI 

5 0 

\ 0 197 

5 5 i 

0 1725 

0 0128 

0.007 

0 0368 

0 0014 


HBr 

4.4 

0 165 





0 0243 



HCl 

4 4 

0 133 

4 3 

0 1292 

0 00615 

0 003 

(Tabic 3) 



Lil 

5 05 

0 165 

5 0 

0 155 

0 0113 

0 015 

0 0358 

0 0009 

2.77 

LiBr 

4 3 

O.KJO 

4 3 

0.126 

0 0099 

0 002 

0 0247 

0 0002 

2.56 

LiCl 

4 25 

0 121 

4 25 

0.111 

0 0070 

0.002 

1 0 0182 


2.41 

Nal 

4 2 

0 100 

4 2 

0 090 

0 0058 

0 008 

0 0356 

0 0008 

1 3 13 

NaBr 

4 1 

0 0687 

4 2 

0 0590 

0 0064 

0 002 

0 0245 


2 91 

NaCl 

4 0 

0.0521 

4 2 

0.0410 

0 0053 

0 001 

0 0183 


2.76 

KI 

3 94 

0 0462 

3 95 

0 0440 

0.0016 

0 002 

0 0458 

0 0014 

i 3 50 

KBr 

3 84 

0 0282 

3 85 

0 0247 

0 0035 

0,001 

0 0345 

0 0005 

3.28 

KCl . 

3 8 

0 0202 

3 85 

0 0187 

0 0034 

0 001 

0 0284 

0.0003 

3 14 

RbCl 1 

3 6 

0 010 

3 2 

0 0235 

0 0023 

0 003 

0 0331 

0 0004 

3.29 

RbBr 

3 55 

0 010 

3 2 

0 0193 1 

0 0021 

0.005 

0 0395 

0 0008 

3.43 

Rbl 

3 5 

0 0085 

3 2 

0 0162 

0.0031 

0 004 

0 0508 

0 0016 

3 35 

CsCl 

3 0 

0 

2 5 

0 0229 

0 0024 

0 006 

0 0400 

0.0008 

3.46 

CsBr 

2 93 

0 

2 5 

0.0162 

0 0033 

0 008 

0 0470 

0 0015 

3 61 

Csl 

2,87 

0 

2 5 

0 0140 

0 

0 006 

0 0580 

0 0021 

3.82 


errors. To secure an adequate representation of the results it is necessary 
to introduce into equation 56 a term containing a higher power of c. Thus, 

We have already shown that this equation represents the data for hydro- 
chloric acid satisfactorily, and we have investigated its application to the 
alkali halides, obtaining the three constants of this equation for each salt. 
In table 21 are given the values of d and B obtained by equation 56, 
d, B, and D' obtained by equation 57, the maximum deviation between 
the observed activity coefficients and those calculated by equation 57, and 
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the necessary data for calculating molarities from molalities at 25®C., 
according to the equation: 

c/m = 0.99700 - 6 im + 62 m® (58) 

The last column in table 21 gives the sura of the crystallographic radii of 
the ions ( 86 ). 

It will be observed that in nearly all cases the agreement is excellent, 
and is particularly good for the results in which we have most confidence. 
The most serious discrepancies are found with lithium iodide and sodium 
iodide, both of which salts require more experimental investigation. 



There is little direct connection between the d values and the crystallo- 
graphic radii but, for each series of halides, the values of d increase in the 
order Cs < Rb < K < Na < Li, which is also the order in which the 
crystallographic radii decrease. It will be observed from table 21 that d 
and R, obtained from equation 56, are in the same order and it is probable 
that some relation can be found between them. If this is so, then all 
these results can be expressed up to 1 ilf by a single parameter equation 
and constitute a single family of curves. In figure 5 we have plotted 
log d against log B and find that a linear relation between the two holds 
within the limits within which d and B can be evaluated. The equation of 
this straight line is 


I 


log R = 14 log d ~ 9.75 


(59) 
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which leads to the result that B is proportional to the 74*^ power of d, 
a very sensitive relation indeed if we desire to compute B from values of d. 
The reverse calculation of d from B is satisfactory. We do not consider 
significant the exact numerical value found for the power of d. It merely 
suggests that the repulsive forces between the ions depend on a power of d 
and that two equatioas, such as equations 56 and 59, are sufficient for the 
representation of the single family of curves for the alkali and hydrogen 
halides between 0.1 and 1.0 M. 

Any relationship between d and B, calculated from data between 0.1 
and 4 M by means of equation 57, is obscured by the introduction of the 
third term, Z>'c^ Nor does this coastant, D', appear to be related to B 
but, with so seasitive a three-parameter equation, it is doubtful if any 
quantitative relation can be found by induction. The tendency of d and B 
to increase together, however, is still found. We shall return in section V D 
to a consideration of a relation similar in form to equation 57 which has 
some theoretical support. 

B. Specific behaviors of 1-1 alkali-metal electrolytes 

Electrolytes with ^ ‘noble-gas-type cations^^ can be classified into three 
types: To the first class belong the fifteen chlorides, bromides, and iodides 
discussed in the preceding section. With this group we found that, if y 
is plotted against \/m, a series of regular non-intersecting curves is ob- 
tained which exhibit a wide spread at high concentrations, corresponding 
to large differences in the B and D' constants. Only for the cesium and 
possibly for the rubidium salts are the d values (2.5 and 3.2) sufficiently 
low to come within the critical distance which corresponds to the ionic 
association of Bjerrum^s theory, and even in these cases any such associa- 
tion which may occur must be small. The plots of y against Vm show 
only one irregularity, in that the order Cl < Br < I, which holds for the 
lithium, sodium, and potassium salts, is exactly reversed for the rubidium 
and cesium salts. This may be due to some ionic association, although it 
is difficult to understand why ionic association should be greatest for the 
iodides in which the anion is largest. 

The consideration of these activity coefficient curves is, however, com- 
plicated if the fluorides are introduced, because now we find that the order 
is KF > NaF. The fluorides, indeed, belong to a second class of salts, — 
which also includes the hydroxides, formates, and acetates, — characterized 
by the order Cs > Rb > K > Na > Li, which is the reverse of that ob- 
tained for the chlorides, bromides, and iodides. This reversal in order is 
not directly connected with any ionic asymmetry, because the normal 
order K < Na is found for the thiocyanates; nor is the explanation to 
be found in ionic association, because all the formates and acetates have d 
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values considerably larger than 3.5, the critical Bjerrum diameter for 
aqueous solutions. Only for lithium hydroxide is a value of d as low as 3 
found, in which case ionic association may occur to some extent, as is sug- 
gested by some conductance measurements (113). This explanation can- 
not cover the peculiar behavior of salts, such as the acetates, with much 
larger values of d. On the other hand, we note that this reversal in the 
order of the activity coefficient curves is found in the case of anions which 
are strong proton acceptors, i.e., anions derived from weak acids. It has 
also been noted that the dissociation of water in salt solutions is greatest 
in solutions of lithium salts and decreases in the order Li > Na > K > Cs 
(31). A similar strong effect of lithium salts has been noted in the dissocia- 
tion of acetic acid and of methylammonium hydroxide (54). It may, 
therefore, be suggested that the intense field of the small lithium ion, by 
strong interaction with solvent dipoles, leads to ionic hydration. The 
formation of a sheath of water molecules around the ion results in high 
values of d, compared with crystallographic radii. This kind of ion- 
solvent interaction can also lead to a “localized hydrolysis by reaction 
with proton acceptors. The protons in these water molecules will be re- 
pelled from the hydration sheath and will tend to form linkages with any 
proton acceptors, such as hydroxyl or acetate ions, in the vicinity. We 
may represent this tendency to distort the water molecule as follows: 

+ H 2 O M^— OH"-— H-" 

the broken lines representing the linkage due to ion-solvent molecule forces. 
The interaction with a proton acceptor may be represented as: 

M+— OH"— + A" M+— OH~— H+— A" 

and the proton may be regarded as resonating between extreme positions 
on the hydroxyl group and on the proton acceptor. For thermodynamic 
calculations, this equilibrium is given by 

M+ + HjO + A" ;=i M+— -OH"— H+— A" 
and resembles ion-pair formation of the Bjerrum type, 

+ A" 

in that both result in a reduction in the number of ions present in the 
solution. This leads to a lower activity coefficient than that calculated 
on the assumption of complete dissociation. The two types of association 
are indistinguishable by thermodynamic means, but they differ in that the 
former occurs through the intermediate agency of a polarized water mole- 
cule. For example, the ions of lithium acetate are too large for association 
pf the Bjerrum type; nevertheless, the field of the lithium ion is sufficiently 
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intense and the proton-accepting power of the acetate ion is sufficiently 
strong to lead to the former type of association. Ordinary hydrolysis may 
also occur 

M+ + H*0 MOH + H+ 

but this leads to no change in the number of ions. 

l"he magnitude of the ‘‘localized hydrolysis” effect will depend on two 
factors, (a) the intensity with which the cation polarizes the winter molc- 
cul(^s, and (/>) the strength of the anion as a })rot()n acceptor. The latter 
is relatcTl to the ionization constant of the acid formed from the anion, and 
we are therefore led to expect that some relation will be found between 
this ionization constant and the dispersion of the activity coefficient c'ervcs 
of the alkali salts. Thus, if the anion is a very weak proton acceptor, 
c.g., the chloride ion, we find that the lithium salt has the highest activity 
coefficient. If the anion is a powerful pi'oton acceptor, e.g , the hydroxyl 
ion, then the extent of association decreases in the order Li > Na > K > 
Rb > Cs, and the effect of association is large enough to reverse the order 
of the a(!tivity coefficient curves. For anions which arc moderately strong 
proton a(‘C(‘ptors we should expect, not a reversal of the order, but a 
closing up of the curves, and there may be a critical stage at which the 
curves are almost coincident. Further work should lead to some very 
interesting results. Although we do not have sufficient examples at present 
to test the hypothesis, the dispersion of the curves of the formates, ace- 
tates, and hydroxides is consistent with this mechanism. The case of the 
fluorides may be complicated by complex-ion formation, 

A third type of behavior of 1 -1 electrolytes is exemplified by the alkali 
nitrates, the 2)-tolucnesulfonatcs, and the thallous salts. With the excep- 
tion of the lithium salt, the alkali nitrates arc almost certainly associated. 
This we may ascribe to the small “effective” size of the nitrate ion, without 
implying that the volume of the nitrate ion is abnormally small. The 
effective size of the ion, for the present consideration, is the distance 
within which the alkali-metal ion can approach one atom of the nitrate 
ion and, because of possible polarization effects, this may not be the same 
as the size of the ion estimated from crystallographic measurements. The 
extent to which association of the Bjerrum type occurs depends on the size 
of both ions, and we find that the extent of association diminishes with a 
decrease in the atomic weight of the cation; this order is opposite to that 
of the crystallographic radii, but is the order of the d values of the chlorides, 
bromides, and iodides. Thus it is reasonable to believe that the effective 
radius determining ionic association is that of the hydrated ion and, in 
conformity with this, we find that the large lithium ion, even in conjunction 
with the “effectively” small nitrate ion, gives little or no ionic association. 
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Lithium nitrate has an activity coeflScient curve typical of a strong electro- 
lyte and can be described by equation 57 with d = 4.3, B — 0.0990, and 
D' = 0.00213. In the case of potassium nitrate the existence of ionic 
association has been confirmed by conductance measurements, which give 
a dissociation constant of 1.6 (105). Some association probably occurs 
with the p-toluenesulfonates, and here again we must distinguish between 
the small size of the anion ^^effective'^ in collisions with the cation and the 
size estimated in other ways. Ionic association is pronounced with thal- 
lous salts; thallous nitrate, with a dissociation constant of only 0.5 (105), 
has an activity coefficient which lies very close to the limiting slope even 
up to 0.5 Mj i.e., its apparent d value is almost zero. 

To summarize briefly, we recognize three types of 1-1 electrolytes: 

(a) Those with an anion of the noble-gas type, including all the hydrogen 
and alkali halides with the exception of the fluorides. The behavior of 
these electrolytes can be represented by a single family of curves, described 
by equation 57, with d values which do not permit appreciable ionic asso- 
ciation; the thiocyanates also are probably included in this category. 

(b) Those which exhibit reversal of the order of the activity coefficient 
curves, including the hydroxides, formates, acetates, and fluorides; the 
interpretation of their behavior is based on an hypothesis of ^flocalized 
hydrolysis” leading to ionic association, not of the Bjerrum type, but by 
means of a water molecule as intermediary, (c) Those characterized by 
appreciable ionic association of the Bjerrum type due to the small 
“effective” size of the ions; this category is exemplified by most of the 
alkali nitrates and by the thallous salts. 


C. GuggenheMs method of computation 


For the calculation of activity coefficients at concentrations up to 0.1 M, 
Guggenheim (23, 24, 25, 26) has devised a method which is sufficiently 
accurate for all but the most precise work. He defines a “perfect Debye- 
Hiickel electrolyte” as one which conforms to the equation 


log/ = - 


S(/)Vf 


(60) 


(61) 


1 + Ay/r 

which, for a 1-1 electrolyte in aqueous solution at 25®C., becomes 

loe/ = 0-506\/c 

1 + 0.3288d-v/c 

Further, if the mean distance of approach of the ions is d = 3.04, this 
equation reduces to the simpler form: 

0.506\/c 


log/ 


l + ^^■ 


(62) 



458 


ROBERT A. ROBINSON AND HERBERT S. EARNED 


Guggenheim now assumes that the specific interionic effects of the ions 
can be accounted for by a linear term, Xc; hence 


log/ = - 


0.506 
1 + 


+ \c 


(63)^ 


Guggenheim’s equation permits the computation of activity coefficients 
up to 0.1 M. The activit}^ coefficient at one intermediate concentration 
must be known for the calculation of the parameter X. The success with 
which this equation may be applied is illustrated by the comparison (in 
table 22) of the activity coefficients of sodium chloride, taken from the 
data of Brown and Maclnnes, with those calculated by equation 03, using 
a value of X — 0.153. 


TABLE 22 


Comparison of observed activity coefficients of sodium chloride at 25'^C\ with those 
calculated by equation OS 


m 

Tcalcd 

7ob*d 

m 

Toftlod. 

7obBd 

0 005 

0 9279 

0 9283 

0 04 

0 8343 

0 8348 

0 007 

0 9166 

0 9171 

0 05 

0 8217 

0 8215 

0 01 

0 9027 

0 9032 

0 06 

0 8110 

0 8111 

0 02 

0 8716 

0 8724 

0 08 

0 7936 

0 7927 

0 03 

0 8504 

0 8509 

0 10 

0.7809 

0 7784 


The equation is very useful as an empirical method of calculation, but it 
is doubtful if it is sound as a theoretical equation. For, if two electrolytes 
are compared, then 

log*^- = (Xi — X2)c (64) 

.h 

or 


- log^ = (Xi - Xj) (65) 

c ft 


“This formula can be derived from equation 56 as follows: 


log/ 


0. 506 Vc 

1 + 0.3288(1 Vc 


+ Be 


0.506Vc 

1 + Vc 


+ Be- B'c 


where 


0.1662(3.04 - d) 

(1 +c)(l +0.3288dVc) 

and, up to 0.1 M, B' can be regarded for practical purposes as independent of c and 
depending only on d, i.e., to a good approximation X = JS — B' is constant. 
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Experiments in solutions more concentrated than 0.1 M show that - loe^ 

always changes with concentration (29); the values in table 23, taken from 
the data in table 10, illustrate this. 

Thus equation 65 is incompatible with the experimental data unless we 
admit a discontinuity in the region of 0.1 M. A direct experimental test 
of equation 63, with its implication that all ions have the same d value, 
is very difficult, because only data of the highest precision in the concen- 
tration region below 0.1 M can be used. It is probable, however, that the 
experiments of Macinnes et at (13, 126, 127) are of this standard, and we 
have applied their data to te^st equation 65. Figure 6 shows the experi- 
1 f 

mental data expressed as - log ~ for the hydrochloric acid-sodium chloride 
and the hydrochloric acid-potassium chloride pairs, while the curves rep- 


TABLE 23 


Variation of (Xi ■— Xj) with concentration 



0.1 

0.2 

0 3 

0.5 

0.7 

1.0 

-log'^N.a 

^ t^kci 

0 061 

0 054 

0.050 

0.046 

0.042 

0 037 

-log^NaCi 

^ '^KCl 

0.131 

0 125 

0 121 

0.106 

0 095 

0.083 


resent the values of - log*^ calculated by equation 21, using a pair of d 
c /2 

values; for the upper curve the d values are 5.5 and 4.0, for the lower curve 
5.5 and 3.5. Although the position of the points is extremely sensitive to 
any experimental error in the original e.m.f. measurements, the general 

trend is towards diminishing values of ~ log^ as the concentration increases, 

c 

the decrease being of the same type as that exhibited by the curves. Thus 
the behavior of the experimental data is consistent with the Debye- 
Huckel theory for a pair of electrolytes with different d values, and not 
with Guggenheim^s equation which, assuming the same value of d for all 

1-1 electrolytes, predicts a constant value of - log These considera- 

tions suggest that Guggenheim^s treatment is oversimplified, although his 
empirical equation is well adapted for practical computation with an 
accuracy sufficient for most purposes. Guggenheim has given the neces- 


saiy data for a large number of electrolytes at 0°C. (24). 
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D. The interpretation of concentrated solutions of alkali-metal halides in 
terms of a van der Waals covolume effect (140) 

Equation 57 lias been shown to give an adequate description of the 
activity coefficients of inain^ electrolytes. The first term of the 

equation describes the attractive forces of a Coulomb type between the 
ions, the restriction on these forces due to the finite size of the ions being 
given by the d term in the denominator. We have already hientioned 
one interpretation of the Be and Z)'c^ terms, which Hiickel ascribed to a 
lowering of the dielectric constant of the solution on the addition of elec- 



Fig. 6. Plots of - log against c. Curve 1, calculated by equation 21, using 

d « 3.5 and 5.5; curve 2, calculated by equation 21, using d = 4.0 and 5.5. 0: 1 ■= 

HCi, 2 » KCl. +: 1 « HCl, 2 - NaCl. 

trolyte; we shall now describe another interpretation which leads to a 
prediction of the values of the B and D' parameters in terms of d. The 
attractive force represented hy the first term of equation 57 has an analogue 
in van der Waals' equation; Onsager (80) suggested that the repulsive 
forces represented by the other terms might be ascribed to a covolume 
effect similar to that giving the (v — b) term in van der Waals' equation. 
The mathematical difficulties of a treatment of this effect have only 
recently been overcome by Ursell (139) for the case of an imperfect gas, 
and van Rysselberghe and Eisenberg (140) have applied Ursell's equation 
to ionic solutions. They obtained the equation : 

log / = + 2.2063 X 10~’ d*c + 2.6269 X 10"* dV (66) 

l-\-K&y/2c 
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for an aqueous.solution of a 1-1 electrolyte at 25°C. Thus they have suc- 
ceeded in reducing equation 57 with three parameters to a one-parameter 
equation which gives a family of non-intersecting curves for the activity 
coefficients, determined solely by the distance of closest approach of the 
ions. Quantitatively, however, the agreement with experimental data is 
not good, as shown by table 24, which compares the B and D' values of 
three electrolytes, calculated by equation 6G, with those which were used 
to fit the experimental data to equation 57. 

van Rysselberghe and Eisenberg have succeeded, by means of their 
equation, in obtaining B and D' values of the right order of magnitude 
but by no means in quantitative agreement with the values in table 21. 
Nevertheless, it is significant that the calculated B and D' values are in 
all cases too high; in other words, equation 66 predicts too high values 
of the activity coefficient as a result of incorporating the co'/olume effect. 

TABLP] 24 


Comparison of equations 57 and 66 


ELECTBOLTTB 

d 

B 


From 

equation 66 

From 

equation 57 

From 

equation 60 

From 

equation 57 

HCl 

4 3 

0 1292 

0 1754 

0 00615 

0.01661 

KCl 

3 75 

0 0187 

0 1163 

0 0034 

0 00730 

CsCl 

2.5 

0 0229 

0 0345 

0.0024 

0 00064 


As it had previously been difficult to understand the rapid increase in the 
activity coefficient of electrolytes such as hydrochloric acid at high con- 
centration, an equation which predicts even higher values is not discourag- 
ing, since the simplified treatment employed does not exclude other effects, 
such as ionic association, which would decrease the activity coefficient, 
and ion -solvent interaction. 


E. ScatchareVs theory of concentrated solutions {114j 
The most comprehensive theoretical study of concentrated solutions of 
strong electrolytes, particularly of the alkali-metal halides, has been made 
by Scatchard. The simplest case of tliis theoretical treatment is found if 
the ions of a 1-1 electrolyte can be treated as spheres; Scatchard\s equation 
then becomes, for aqueous solutions of 1-1 electrolytes at 25®C. : 


log / = 


0.506 \/ mdo 
1 + 0.32SSd\/i^o 


- /i(a, F„ m) 

+ f2(ri, r2, Fi, F2, m) + /aCF., m) 


(67) 


The first of these four terms is the limiting Debye-Hiickel term, including 
*the effect of finite ionic size. It differs from equation 61 only in the use of 
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mdo in place of molarity as the unit of concentration. The next three 
terms are inserted to describe three effects which Scatchard regards as 
superimpose<l on the electrostatic attraction term. The term /i(a, F„ m) 
is a function of a (= ri + where n, are the ionic radii determined 
from crystallographic measurements, of F, , the molal volume of the 
electrolyte in solution, and of m, the molality. This term expresses the 
correction to be ai)plied to the charge-charge interaction consequent on 
the change in dielectric constant on addition of electrolyte. Whereas 
Hiickel (62) assumes a linear variation of dielectric constant with the 
molarity of the electrolyte, Scatchard employs a relation found by Wyman 
(144) for non-electrolytic solutions. The term / 2 (ri, r 2 , Vi, F 2 , m) con- 
tains similar variables and, in addition, the molal volume, F„ has to be 
decomposed into two quantities, Fi, F 2 , characteristic of each ion. This 
term represents a ‘^salting-out^^ effect due to a charge-solvent molecule 
interaction. The term SziVa, w) expresses a non-electrolyte molecule- 
molecule interaction, i.e., an interaction between ions and solvent molecules 
independent of the presence of charge on the solute species. The form of 
these functions is described in detail in the original paper (115). 

For the application of the theory to computations, it is necessary to 
know the temperature, the dielectric constant of the solvent, the molal 
volumes of the ions in solution, the radius effective in '^salting-out^^ and 
the effective collision diameter of the ions. In Scatchard’s theory the last 
two quantities are obtained from crystallographic data, whereas the d 
term, considered in previous equations, has to be derived from experimental 
data. In addition to the crystallographic radii, two constants have to be 
derived from two experimental activity or osmotic coefficients: one con- 
stant determines the relation of the ionic volume to the crystallographic 
radius, w^hilc the other gives the numerical value of the coefficient of the 
last term in equation 67. 

The calculations by this theory agree, in general, satisfactorily with the 
experimental data for the alkali-metal halides given in table 10, and the 
theorj" predicts the reversal in order of activity coefficient curves found for 
cesium chloride, bromide, and iodide. Moreover, it predicts the higher 
value obtained for potassium fluoride as compared with the sodium salt. 

This investigation is the most determined attempt yet made to obtain a 
theoretical knowledge of concentrated solutions by a detailed extension of 
the Debye-Hiickel theory. 

VI. GENERAL CONSIDERATION OF POLYVALENT ELECTROLYTES 

In figure 7 are given curves for the activity coefficients of a number of 
1-2 and 2-1 electrolytes. We may first direct attention to the alkaline- 
earth chlorides, w hich form a regular series, the activity coefficients dimin- 
ishing with increasing atomic weight as in the case of the alkali-metal 
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chlorides. Equation 56 holds for barium chloride if the two parameters 
are given values of d = 4.1 and B = 0.142, the maximum deviation up to 
1 .2 ilf being 0.003 in y. Equation 57 fits the data for strontium and calcium 
chlorides within 0.002 in 7 up to a concentration of 1,2 ilf, using d values 
of 4.8 and 5.2, B values of 0.100 and 0.112, and Z)' values of 0.0528 and 



Fig. 7. Activity coefficients of 2-1 and 1-2 electrolytes. The digits on the right 
represent the values of d for some of these electrolytes.® 

0.0650, respectively. The curves for the three magnesium halides are 
similar in type to those for the lithium halides and, although equation 57 
does not fit so well, it can be shown that the d values are approximately 6. 
The chlorides of metals of the transition group form an interesting 

® Since this drawing was made, the reference value for potassium sulfate has 
been changed. The plot of the revised values, given in table 16, is nearly coinci- 
dent with the curve for barium hydroxide and sodium sulfate. 
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series, with every indication that they are strong electrolytes like the 
alkaline-earth chlorides. The activity coefficients decrease with increasing 
atomic number from manganese through cobalt to nickel, the three curves 
being placed regularly between those of magnesium chloride and strontium 
chloride. In addition, we have a few unpublished measurements which 
indicate that the curve for ferrous chloride will lie between those of man- 
ganese chloride and cobalt chloride. With cupric chloride a change occurs ; 
instead of lying above nickel chloride, it is found to lie very close to barium 
chlorid(j, the data being represented by equation 56 with d = 4.3 and B = 
0.146. 

The curve ior barium bromide lies near that for strontium chloride; 
there is, therefore, no reversal in order such as occurs with the rubidium 
and cesium halides. 

Zinc iodide has been investigated by means of e.m.f. measurements, with 
the somewhat surprising discovery that it has all the characteristics of a 
strong electrolyte; the e.m.f. measurements can be carried to low concen- 
trations and an estimate made of the d value is found to be 6. 

There is therefore considerable evidence that the d values of this group 
of electrolytes lie between 4 and 6; this is below the Bjerrum limit of 7 A. 
for 1-2 salts, but ionic association must be small, as shown by conductance 
measurements on the alkaline-earth chlorides (125). 

In the case of calcium nitrate, barium hydroxide, lithium sulfate, sodium 
sulfate, potassium sulfate, and sodium thiosulfate, we encounter electrolytes 
for which ionic association of the Bjerrum type can be detected by con- 
ductance measurements and the d values, determined from the activity 
coefficients, are less than 4. The curves for thase electrolytes spread 
below that of barium chloride but in all cases are above the limiting 
Debye slope. 

For cadmium chloride, cadmium bromide, cadmium iodide, lead chloride, 
and stannous chloride (87), ionic association is considerable even in very 
dilute solution, and these systems are probably complicated by the formation 
of complex ions in more concentrated solution. Ionic association occurs 
to an extent which makes an estimate of the dissociation constants possible; 
a value of 0.01 is found for cadmium chloride (45), which is in agreement 
with that found from conductance measurements (90). 

Finally, the curves for zinc chloride and zinc bromide exhibit a curious 
feature. In dilute solutions both salts behave as strong electrolytes, 
E.M.F. experiments leading to d valuas of approximately 5 to 6, but above 
about 0.3 M the activity coefficient curves begin to dascend in such a way 
as to intersect the curvas for many other electrolytes; the reason for this 
behavior is not clear. 

Little can be said about the theoretical interpretation of the data for the 
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2“2 metal sulfates. For such electrolytes the distance below which ionic 
association occurs is J14 A. and. since Cowperthwaite and LaMer (16) 
found a value of 3.6 A. for zinc sulfate, Bjerrum^s theory indicates a dis- 
sociation constant of 0.003. This result receives support from the con- 
ductance measurements of Owen and Gurry (82), who obtained 0.0049 for 
the dissociation constant of zinc sulfate and 0.0043 for copper sulfate at 
26®C. Likewise, from his examination of conductance data, Davies (16) 
reported a value of 0.0045 for both salts at 18®C. Finally, we may note 
that the activity coefficient curves of these salts spread less than those 
of 1“2 electrolytes. This indicates that ion-pair formation has a predomi- 
nating effect, and suppresses the influence of the specific ionic character 
denoted by the B and D' terms of equation 57. 



Fig. 8. Logarithm of the activity coefficient of lanthanum chloride at 25®C. The 
straight line represents the limiting law. 


A very interesting feature of salts of higher valence type is to be found 
in the work of Shedlovsky and Macinnes (128) on dilute solutions of 
lanthanum chloride. Their activity coefficients, which extended from 
0.0006 to 0.03333 M , did not approach the limiting Debye slope of 3.722 
for 3-1 electrolytes. Instead their data conformed to the equation: 


log y = *~2.282\/c + 3.20c 


( 68 ) 


In figure 8, the observed values of log y arc plotted against \/c. It is 
deal* that there is no tendency for the theorc tical limiting law to be ap- 
proached, even in the most dilute solutions, and although ionic association 
might be expected to be appreciable for this salt, this effect would 
not act in a direction to improve the agreement of the data with the 
j/heoretical prediction. Indeed, the correction would be in the opposite 
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direction. Tiie situation is rendered even more curious by the agreement 
of the conductance data (66) for lanthanum chloride with the Onsager 
prediction, whereas the tiansference numbers (70) are at variance with this 
prediction. There is thus a conflict between two closely allied irreversible 
processes. 

VII. THE VARIATION OF THE ACTIVITY COEFFICIENT WITH TEMPERATURE 

The preceding sections have been concerned with the activity coefficients 
of electrolytes at a single temperature, 25°C., at which a considerable 
amount of information i.s available. Not all of these electrolytes have 
been investigated over a range of temperature, but sodium chloride is the 
one example where extensive experiments have been made by different 
methods between 0® and 100®C. e.m.f. measurements have been made 
(39, 53) at temperatures between 0® and 40®C., and can be checked at the 
lower limit by means of freezing-point measurements (118). The de- 
termination of activity coefficients from boiling-point measurements has 
recently been develojied to yield data of high accuracy (135, 136), and this 
improved technique has been used to obtain data for sodium chloride 
between 60° and 100°C. In addition, measurements have been made of 
the isopiestic ratio between potassium chloride and sodium chloride (97) 
over the temperature range 15° to 60°C. The problem of computing the 
best data from this mass of material is a difficult one, and we shall not 
discuss the methods of calculation here. In table 25, however, we give 
values of the activity coefficient of sodium chloride between 0° and 100°C. 
based on the above four experimental methods. 

It will be noted that the data given at 25°C. are slightly different from 
those in table 8, This is due to the fact that the values in table 25 were 
derived from e.m.f. measurements only, whereas the values in table 8 were 
obtained from isopiestic comparisons, e.m.f., and direct vapor pressure 
measurements. 

Sulfuric acid, as an important electrolyte, also merits a tabulation of 
the activity coefficients from 0° to 60°C., obtained by Harned and Hamer 
(46) from e.m.f. measurements. These are to be found in table 26. Apart 
from these two electrolytes we shall content ourselves with enumerating 
the electrolytes whose activity coefficients have been determined over a 
temperature range: hydrochloric acid (44), hydrobromic acid (49), sodium 
bromide (40), sodium hydroxide (2, 48), sodium sulfate (47), potassium 
chloride (38), potassium hydroxide, (17), barium chloride (138), zinc 
chloride (109), zinc iodide (5), zinc sulfate (15, 30), cadmium chloride 
(45), cadmium bromide (6), cadmium iodide (7), cadmium sulfate (68), 
and indium sulfate (61). 

We shall now reverse the procedure and show how, if activity coefficients 
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H I 




Sj 

i 


8 

o d d o o d d o d d 

k 

0 752 

0 705 

0 653 

1 0 632 
0.638 
' 0.651 
0.674 
0.700 

0 730 

0 763 

3 

0.757 

0 711 

0 660 

0 641 

0 646 
0.663 
0.685 
(0.712) 
0.742 
0.777 

k 

0 762 

0 717 

0 667 
0.648 
(0 655) 

1 0.672 
(0;692) 
(0.721) 
(0.758) 
(0 791) 

8 

0.766 

0 721 
(0 671) 
(0.654) 
(0 659) 
(0 676)1 
(0 696) 
(0 726) 
(0 760) 
(0 799) 

8 

0 770 
i (0.725) 
i (0 675) 

1 (0.656) 
(0 662) 
(0 678) 
(0.699) 
(0.728) 
(0.762) 
(0 802) 

8 

0 774 
0.728 
(0.678) 
0 657 
(0 661) 
(0 678) 
(0 698) 
(0.728) 
0.761 
(0.802) 

eo 

0 776 

0 730 
(0 679) t 
(0.657) 

1 (0 660) 
(0 676) 
(0.697) 

0 726 
(0.759) 
0.800 

k 

0 777 

0 731 
0,679 

0 657 

0 658 
0.674 

0 695 

0 724 

0 756 

1 0 797 


0.778 

0 732 
! 0 679 

0 656 

0 656 

0 670 

0 691 

0 719 
0.752 
j 0.791 

0 

8 

ddoooooddd 


0.780 

0 734 
0.678 

0 652 

0 648 

0 659 

0 677 

0 702 

0 735 

0 772 


0 781 
0.734 

0 677 

0 649 

0 643 
0.652 
0.667 

0 691 

0 721 

0 757 
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t Values in parentheses were read from plots of the e.m.f. and boiling-point results. 
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are known at one temperature, thermal data may be used to calculate the 
activity coefficients over a temperature range. We shall assume that the 
relative partial molal heat of dilution may be expressed as a power series : 

L 2 = + aT + bT^ • • • (70) 

TABLE 26 


Activity coefficient of sulfuric acid between 0° and 60°C. (40) 


m 

ACmVlTT COEFFICIENT 


0* 

! 10“ 

20“ 

30“ 

40“ 

60“ 

60“ 

0 0005 

0 912 

0 901 

0 890 

0 880 

0 869 

0 859 

0 848 

0 001 

0 S76 

0 857 

0 839 

0 823 

0 806 

0 790 

0 775 

0 005 

0 734 

0 693 

0 656 

0 623 

0 593 

0.566 

0 533 

0 01 

0 649 

[ 0 603 

0.562 

0 527 

0 495 

0 467 

0 441 

0 02 

0 554 

0 509 

0 470 

0.437 

0 407 

0 380 

0.356 

0 05 

0 426 

0 387 

0 354 

0 326 

0 301 

0 279 

0.260 

0 1 

0 341 

0.307 

0 278 

0 254 

0.227 

0 214 

0 197 

0,2 1 

0 271 

0 243 

0.219 

0.199 

0.181 

! 0 166 

0.153 

0 5 

0 202 

0 181 

0 162 

0 147 

0 133 

0 122 

0.107 

1 0 

0 173 

0.153 

0 137 

0 123 

0 111 

0 101 

0 0922 

1.5 

0 167 

0 147 

0.131 

0 117 

0 106 

0 0956 

0 0869 

2 0 

0 170 

0 149 

0 132 

0 118 

0 105 

0 0949 

0 0859 

3 0 

0 201 

0 173 

0.151 

0 132 

0 117 

0 104 

0 0926 

4.0 

0 254 

0 215 

0 184 

0.159 

0 138 

0 121 

0 106 

5 0 

0 330 

0.275 ! 

0 231 

0 196 

0 168 

0 145 

0 126 

6.0 

0.427 

0.350 

0.289 

0 242 

0 205 

0.174 1 

0 150 

7.0 

0 546 

0 440 

0.359 

0 297 

0 247 

0 208 

0 177 


ICxpericnce has shown that the accuracy of the data docs not require the 
use of powers of T higher than the second. The partial molal heat capac- 
ity relative to infinite dilution, J 2 , is given by 

7* = = a + 2bT (71) 

and 7j(o") = a. Integrating equation 69: 

2.mvRT log 7 = Um - ar In T - bT^ + 1"T (72) 


where /" is an integration constant. Let be some convenient tempera- 
ture at which the activity coefficient, 7 # , heat of dilution, L® , and heat 
capacity, 7 " , are known. Then: 


log 7 = log 7 s -I- 


L? - 7?r«-i-6n 


2:60BvRT 


7 ? - 2bT^ 
vR 


logr - 


bT 

2.303ri2 


+ / (73) 
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Fortunately, equation 73 can be simplified, because it may be assumed that 
72 is constant in the range of temperature over which this equation will 
usually be employed (0® — 00®C., or somewhat higher). Any errors in- 
troduced by this assumption will not be greater than the sum of the 


TABLE 27 


Data for calculating the activity coefficient of sodium chloride between 0 “ and lOO'^C. 

log •y - r -- 1 - B log r 


m 

* 

I 

A 

B 

0 1 

3 5083 

152.06 

1.2557 

0 2 

5 0010 

221 15 

1.7755 

0 3 

6 1561 

275.49 

2 1748 

0.5 

7.9970 

364 47 

2 8051 

0 7 

9 5163 

440 34 

3 3199 

1 0 

11 4326 

535.45 

3.9679 

1 5 

14 0912 

668 38 

4 8619 

2 0 

16 3294 

779 34 

5.6128 


TABLE 28 

Comparison of observed activity coefficients of sodium chloride with those computed by 

equation 75 


i 



( 7 ol»d ~ 7 oalod .) X 10 » 




m «■ 0.1 

m — 0.2 

m ■■ 0.6 

m - 1.0 

m - 1.6 

m « 2.0 

•c. 

0 

+1 

-2 

-2 

-1 

-2 

-2 

10 

+1 

-1 

-2 

0 

-1 

0 

20 

0 

-2 

-2 

-2 

-3 

-1 

30 

0 

-2 

-2 

-3 

-4 

~1 

40 

0 

-2 

-2 

-4 

-4 

-4 

60 

0 

-1 

0 

0 

-2 

-2 

80 

+1 

+2 

+3 

+1 

41 

0 

100 

+2 

+3 

4-4 

-el 

44 1 

42 


experimental errors of the quantities, 7* , L* , and 7 ? . Equation 73 now 
becomes 


7 = log 7fi + 


L 2 — 7 ? Tb 
2.S0SpRT 


5i„gr + /' 


(74) 


or 


4 

T 


B 

logT 


+ / 


» 


log y- 


(75) 
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where A, and I depend on data at the reference temperature, . The 
use of this e(}uation is limited by the paucity of reliable thermal data at 
high concentrations, but the equation oifers a concise mode of representing 
a mass of activity coefficient data once the necessary thermal quantities 
are available. 

The most recjeiit accurate data forL2 and J2 of sodium chloride have been 
obtained, from very low concentrations to 0.8 M, by Gulbransen and 
Robinson (27). From their data at 25°C. and the values of 7 at 25°C. 
given in table 8, we have computed the constants, B and /, which are 
recorded in table 27. I 2 was found to be proportional to and, al- 
though an uncertainty due to extrapolation is introduced, w^e have em- 
ployed values of I 2 up to 2 M, computed from this relation. A comparison 
of activity coefficients calculated by equation 75 with the values given in 
table 25 is made in table 28, where the deviations of the calculated from 
the observed values are recorded. It will be observed that the equation 
represents the results with accuracy from 0° to 1CX)°C., although, as is to 
be expected, somewhat greater discrepancies occur at the higher 
concentrations. 

VIII. THE THERMODYNAMIC PROPERTIES OF SODIUM CHLORIDE IN SEA WATER 

In the preceding sections we have considered the variation of the activity 
coefficient of sodium chloride with the concentration of the solute, with 
temperature, and with pressure. A solution of 0.725 M sodium chloride 
is of particular importance because it is equivalent to “normar^ sea water. 
We have used the data in the preceding sections to interpolate a number 
of thermodynamic quantities at this concentration, as follows: 

7(25°) = 0.666 

0(25°) = 0.927 

Vapor pressure at 25°C. = 23.187 mm. 

1^(25°) = — 96 calories 
72(25°) = 13.5 calories deg.^^ 

As a function of temperature, at a constant pressure of 1 atmosphere, the 
activity coefficient is given by : 

log 7 == 9.7030 - 448.65/T - 3.3845 log T (76) 

It will also be convenient to express the activity coefficient as a function 
of both temperature and pressure. To substitute for {V 2 — VI) in equa- 
tions 36 and 40, we have used the data of Scott (122) and of GefiFcken (18) 
to express this relative partial molal volume as: 

V2- VI ^ 4.10 - 0.0729e + 0.00074i* 


(77) 
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where the temperature in degrees Centigrade. We have also assumed 
that (-^2 — is independent of the temperature (see section II B). 
This approximation should not cause any appreciable error in the final 
result. A combination of equations 35, 76, and 77 then gives: 

log 7 = 9.7030 - 448.65/7^ - 3.3845 log T + [(0.0108 - 1.93 X 10"^^ 

+ 2 X 10“V)(P - 1) - 1.91 X 10‘^(P - lY]/T (78) 

This equation will give the activity coefficient of 0.725 M sodium chloride 
at a pressure of P atmospheres and at a temperature T on the absolute 
scale and a temperature t on the Centigrade scale. It should be applicable 
within the range 0° < < < 50®C. and 0 < P < 1000. 

Although this review has been concerned mainly with strong electrolytes, 
we may draw attention to a generalization regarding weak acids in salt 
solutions which should be of considerable use in oceanographical problems. 
This generalization^ is derived from three types of measurements: (a) the 
activity coefficient of 0.01 M hydrochloric acid in sodium chloride solu- 
tions of var 3 dng concentration; (h) the quantity (7H7oH/«Hto)^^* pertaining 
to the dissociation of water in sodium chloride solutions; and (c) the 
quantity (thTac/thac)^^^ corresponding to the dissociation of a weak mono- 
basic acid (acetic acid) in sodium chloride solutions. Although these acids 
are of widely different strength, curves of the activity coefficients against 
the square root of the total ionic strength are found to be almost identical. 
At a concentration of sodium chloride equivalent to that in sea water we 
interpolated the following values at 25®C. : hydrochloric acid, 0.735; water, 
0.719; acetic acid, 0.730, i.e., the value is to a first approximation inde- 
pendent of the nature of the acid. Consequently, if a problem is encount- 
ered involving the equilibria of a weak monobasic acid in sea water and 
the ionic activity coefficient of the acid has not been determined experi- 
mentally, a good approximation can be made by putting (7 h7a/7ha)^^* = 
0.73. This will vary little with temperature in the vicinity of 25®C. 

IX, GENERAL CONBIDERATIONB 

The theory of concentrated solutions of electrolytes is very difficult, and 
no exact quantitative treatment of all the factors involved has been ap- 
proached. It has been shown in section V A that the mean distance of 
approach of the ions, d, cannot be determined exactly. This is equivalent 

’ The relevant references are as follows: 

Harned, H. S., and Hawkins, J. E.: J. Am. Chem. Soc. 50, 86 (1928). 

Harned, H. S., and Hickey, F. C.: J. Am. Chem. Soc. 59, 1284 (1937). 

Harned, H. S., and Mannweiler, G. E,: J. Am. Chem. Soc. 57, 1873 (1936). 

Harned, H. S., and Owen, B. B.: Chem. Rev. 25, 31 (1939). 

Harned, H. S., and Robinson, R. A.: J. Am. Chem. Soc. 50, 2167 (1929). 
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to the statement that no observed departure from the limiting law has yet 
been interpreted exactly. In the paper (80) in which Onsager suggested 
the presence of a van der Waals covolume effect, he has presented a thought- 
ful critique of the theory of (‘oncentrated solutions. He has shown that 
the proportionality between the (charge and the potential of the ion and 
its atmosphere, whi(‘-h has been used in the derivation of the limiting 
theoreti(jal equations, cannot be expected to be valid in concentrated 
solutions. This criticism should be considered carefully in subsequent 
theoretical treatments of departures from the limiting law. 

We have considered two interpretations of concentrated solutions 
(sections V D and V E). Although the treatment of the van der Waals 
covolume effect by van Rysselberghe and Eisenberg (140) is not found to 
agree accurately with experiment, it does give results of the right order 
of magnitude. It seenxs that, in some form or another, such a factor, to 
ac(;ount for the net short-range repulsive forces between the ions, must 
follow from general statistical considerations. 

The other method of approach, exemplified by Scatchard^s extension 
(115) of the Debye-^Hiickel theory to the separate consideration of charge- 
charge, charge-molecule, and molecule-molecule effects, gives a reasonable 
explanation of the osmotic coefficients of the noble-gas-type ions. It is 
doubtful, however, that the linear addition of the terms representing these 
effects to the Debye-Hiickel term can give more than a qualitative result. 

None of tliese theories involves a detailed consideration of the structure 
of liquid water molecules or their orientation around ions. An extension 
of the theory of Bernal and Fowler (9), who have computed the heats of 
solution of ions in water, may prove of importance in this respect. 

In investigating a state of matter as complicated as an ionic solution, 
it is our opinion that, from the purely scientific point of view, a knowledge 
of a quantity, sucli as the partial molal free energy, as a function of elec- 
trolyte concentration, temperature, pressure, and composition of solvent 
is no less important than similar investigations of the free energy of gases 
or single liquid substances. The experimental work now available has 
covered much ground but, when seen from this general point of view, there 
Is still much to be done. The work described in section II is the most 
complete example of the effect of these variables on a given electrolyte, 
hydrochloric acid. A survey of the results so far obtained indicates that 
there is a need for many further studies, such as, for example, an examina- 
tion of the free energy in different solvents, pressure effects as a function 
of temperature and solvent composition, the relationship between standard 
potentials and dielectric constant as suggested in figure 4, and so forth. 

The activity coefficients of a large number of electrolytes at 25®C. are 
known, but even those most extensively studied would repay further in- 
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vestigation. Even in the case of salts such as sodium and potassium 
chloride, there is no great certaint}^ about the data (section III). 

Reference has been made in this review to the activity coefficients of 
nearly one hundred electrolytes at 25°C. Of these, only about twenty 
have been investigated over wide temperature ranges and little accurate 
calorimetric work has been done with concentrated solutions. Neverthe- 
less, progress is being made in coordinating the temperature variations of 
activity coefficients with values of Z 2 and J 2 determined calorimetrically. 
From this a greater amount of accurate infonnation can be confidently 
expected in the near future. As already pointed out, this (means a greater 
knowledge of the partial molal free energy as a function of temperature. 

Besides these more ^‘normal” investigations of a property as a function 
of given variables, we have now obtained abundant evidence for additional 
kinds of ionic interaction. One of these Is illustrated by the alkali hy- 
droxides etc. discussed in section V B. An investigation of the activity 
coefficients of a number of alkali-metal salts in relation to the proton- 
accepting power of the anion would be useful, with the object of testing 
the suggestion of “localized hydrolysis^^ made in section V B. 

The data presented in table 15 and discussed in section VI are the most 
comprehensive yet available for 1-2 electrolytes and include many salts 
which hitherto have not been studied at all. The discussion of these 
results gives a clear idea of the relative strengths of these electrolytes. 
Nevertheless, very little is known about the variation of their properties 
with pressure, temperature, etc. For electrolytes of still higher valence 
type our knowledge of free-energy data is still very fragmentary. 

The recent work on amino acids, referred to at the end of table 19, has 
revealed surprising effects on the free energy due to small changes; in the 
carbon chain; further work on the relation between free energy and chemical 
constitution will be of great interest. For these systems the determination 
of the heat content, by measurements of the temperature coefficient of the 
free energy, is also important. 
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I. Introduction 

Owing to the methods contributed and perfected by biologists and chem- 
ists, the tempo of research in the vitamin field during the past twenty to 
thirty years has changed from a snaiPs pace to one so rapid that a worker 
in a parti(*ular field is often taxed to assimilate the numerous papers that 
appear each month. This is best iDustrated by the recent developments 
with vitamin K. Since 1934, when Dam showed that an unknown fat- 
solubhi dietary factor (vitamin K) is essential for the coagulation of blood 
in the chick, two different naturally occurring vitamins (Ki from alfalfa 
and K 2 from putrefied fish meal) have been isolated, their structures 
determined, and one of them synthesized; numerous highly potent simple 
antihemorrhagic compounds have been prepared to meet requirements of 
physicians; and clinical investigation has made remarkable progress in the 
therapeutic applications of vitamin K. It is the purpose of this paper 
to rciview the story of vitamin K, which was so rapidly told in the pages of 
many journals during the past six years. 

II, Discovery of Vitamin K 

The first observation of the symptoms which we now know are 
attributable to vitamin K deficiency was reported by Dam (52) in 1929. 
During the course of some experiments on cholesterol metabolism in the 
chick, he noted that chicks which had been kept on an ether-extracted 
diet became anemic and developed subcutaneous and intramuscular 
hemorrhages, and that in one chick the clotting time of the blood was 
prolonged. In 1930 (53), while still studying cholesterol metabolism, he 
observed the same hemorrhagic condition in chicks which had been kept 
on the ether-extracted diet supplemented with lemon juice (which con- 
tains the antiscorbutic vitamin). Since these observations were not 
mentioned in the summaries of these papers, it seems unlikely that Dam 
at that time fully appreciated the significance of this by-product of his 
investigation. 

During a study of the fat-soluble vitamin requirements of the chick, 
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McFarlane (142, 143) and coworkers (1931) observed that chicks kept on a 
diet containing ether-extracted fish meal showed a high mortality during 
the third and fourth weeks, owing to hemorrhage following the insertion 
of wing bands. The blood of these chicks did not clot on standing over- 
night. There were no losses due to hemorrhage when casein or untreated 
fish meal was used in the diet. 

Holst and Halbrook (111), in 1933, described the hemorrhagic condition 
and stated that it was cured by the addition of cabbage to the diet. They 
believed that the condition was due to a lack of vitamin C. 

Continuing his work, Dam (54, 64) reported in 1934 that the hemor- 
rhagic condition was not due to a lack of vitamins A, C, D, E, B, B 2 , of 
fat, or of cholesterol, and in 1935 (51, 55) he suggested that the hemor- 
rhages and prolonged clotting time w^re due to the lack of a new fat-soluble 
factor which he named vitamin K (from Koagulations-V itamia) . This 
terminology was accepted by other investigators but, following the isola- 
tion of two compounds having vitamin K activity, subscripts were added 
to the K for purposes of designation. 

III. Bioassay of Antihbmorrhagic Compounds 

In every investigation directed toward the separation of an active princi- 
ple (vitamins, hormones, alkaloids, etc.) from a natural source in which 
the concentration usuallj^ is loss than 0.001 per cent, success depends upon 
a procedure of quantitative determination. Each step in which two frac- 
tions are obtained must be accompanied by bioassays of both fractions in 
order to ascertain the result of the step. (Consequently, th(‘ development 
of a method of purification leading to the isolation of an active principle 
must be guided by careful and accurate bioassays. Usually this necessi- 
tates thousands of assays if the quest of the unknown is to be successful. 

Frequently, as the purification proceeds and information on the chemical 
or physical properties of the active principle is obtained, chemical or 
physical methods of detection and measurement may replace the biological. 
For example, with vitamin Ki, Karrer (120) used the extinction coefficient 
at X 248 mju as a guide in the purification. However, such a replacement 
of the bioassay is usually impossible until extensive progress in the purifica- 
tion has been attained. 

A. DEFICIENT DIETS 

The discovery of a vitamin is almost invariably due to the recognition 
of a new syndrome which depends on the absence of an unknown substance 
from the diet. In the case of vitamin K, the diet used by Dam (53) had 
been extracted with ether. The syndrome, consisting of subcutaneous and 
intramuscular hemorrhages, anemia, and a prolonged clotting time, was 
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not relieved by the known fat-soluble vitamins (54). Alinquist (21) also 
obtained the syndrome in experiments with chicks in which the following 
diet was used: 


ALMQUIBT’s BASAli DIET 

Fish meal, other-extracted 

17.5 

Brewer’s yeast (dry), ether-extracted 

7 5 

Polished rice, ground 

73. 

NaCl plus small amounts of CU 1 SO 4 and FeS 04 

1 0 

Cod-1 iver oil 

1 0 


Almqiust\s diet has been used extensively in this (;ountry. In the 
experience of most laboratories, newl 3 ^ hatched chicks placed on this diet 
show a dcifinite prolongation of clotting time within 1 week but, owing to 
biological variabilit.v and the mild degree of deficieruy, it is necessary to 
continue chicks on the diet for at least another week. The chicks are 
suitable for assay after marked prolongation of the clotting time develops, 
which usually requires 2 or 3 ^\eeks. 

According to Ansbacdier (28), the delicicncy in a severe form can be 
produced in a much shorter period on a diet in which the fish meal, rice 
flour, and yeast are replaced b^" casein, heat-treated cei*eals, and pure 
vitamin B supplements, respectively. 

B. BASIS OF ASSAY 

The basis of all procedures of bioassaj’^ for vitamin K is the prolonged 
clotting time produced b^' a deficient diet. In nonnal chicks the clotting 
time varies from 1 to 5 min.; in chicks which show a severe form of defi- 
ciency, the blood frequently fails to clot in 3 hr. (183). Although assays 
may be conducti^d on the preventive principle, and Dam (51) and Alm- 
quist (22) in their early work used this type of procedure, practically all 
assay's are now based on the curative principle (10, 27, 59, 66, 94, 107, 139, 
167, 184, 185, 186). After maintaining a large group of chicks from the 
same hatch under uniform conditions of diet, etc., for about 2 weeks, the 
clotting times of a part of the group are determined. If the values are in 
excess of 60 min., the remainder of the group are suitable for the assay. 
The substance to be tested is administered, and after an interval blood is 
drawn to ascertain the response. 

Many variations of the general procedure have been used. Dam and 
Schpnhcyder (65) administered the vitamin on three successive da^^s and 
drew blood on the fourth day. Thayer et al. (185) used a similar procedure, 
but after Ansbacher (27) showed that the vitamin exerted its effect in a 
few hours, they altered their procedure to a single administration and a 
response period of 18 hr. 
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The determinations of clotting time range from the simplest, in which a 
wing vein is punctured, the blood caught in a crucible, and examined at 
room temperature until clotting occurs (51, 185), to the most refined, which 
include the taking of blood with a syringe or cannula, the separation of the 
plasma, the addition of thromboplastin, and the determination of the 
clotting time in a thermostat (10, 1(57). 

Essentially, the latter procedure is the determination of prothrombin, 
and since a diminished concentration of this substance (167) is responsible 
for the prolonged clotting, assays based on its determination would theo- 
retically be superior. However, in the purification leading to the isolation 
of vitamin K, assays based on the simple clotting time guided workers to 
the pure compound (185). 

C. STANDARDS OF REFERENCE 

Owing to the variability in the degree of deficiency produced b}^ the 
same diet in different lots of chicks, it soon became obvious that a basic 
standard of reference would be necessary if accurate assays were to be 
obtained. Although the actual appfications of the standard varied, essen- 
tially its potency was used as a base for the comparison of the potencies of 
the products. Dam and Glavind (59) prepared a standard spinach powder, 
and both Almquist (18) and Thayer (184) used a standard alfalfa extract. 
After the development of the field of pure antihemorrhagic compounds, 
Thayer et al. (180) suggested the adoption of 2-mcthyl-l ,4-naphthoquinone 
as a standard and Dam (61) the adoption of 2-methyl-l , 4-naphthohydro- 
quinone diacetate. ^ 

Although the standards were necessary in the purification of the active 
principles of crude extracts, it appears that the adoption of the crystalline 
compounds as standards is not entirely satisfactory . Many factors must 
be considered in the comparison of a substance with a standard. Among 
the factors which affect the potency arc: {1) the method of administration, 
i.e., oral, intravenous, etc.; {2) differences in the rate of absorption of the 
standard and the unknown; {3) the medium in which the compounds are 
administered; {4) differences in the rate of metabolism and excretion of the 
standard and the unknown; and (5) the time interval allowed for response. 
Consequently, it is not surprising that various investigators find different 
ratios of the potencies of 2-methyl-l ,4-naphthoquinone and vitamin Ki. 

In addition to the assay of compounds for antihemorrhagic potency, it is 
necessary to ascertain their toxicity before therapeutic use. The most 
extensive report (146) indicates that no fear should be entertained regarding 
the toxicity of either vitamin Ki or 2-methyl-l ,4-naphthoquinone in the 
dosages therapeutically eff(;ctive. 

1 The solubility in water probably is so low that this compound could not bo used 
as a standard for assays in which the substances are administered intravenously. 
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D. PROTHROMBIN DEFICIENCY IN MAMMALS 

As every biologist knows, the choice of the experimental animal is highly 
important. Had IDam (53), McFarlane (143), and AlmquLst (23) used 
mammals in their experiments, it is doubtful whether vitamin K would 
have be(in discovered. After discovery of the hemorrhagic syndrome in 
chicks. Dam and (llavind (60, 62) had difficulty in producing prolonged 
clotting times in mammals, but eventually they su(Teeded with both 
rabbits and rats. From a large number of rats, Greaves (99) finally ob- 
tained a few showing prolonged clotting time as a result of a dietary defi- 
ciency. Recently, Elliott, Isaacs, and Ivy (68) have shown that rats fed 
on a diet (containing mineral oil (20 per cent) soon showed a marked lower- 
ing of prothrombin, and have suggested that rats prepared by this method 
could be us(*d for the bioassay of antihernorrhagic compounds. Rats in 
which the common bile du(ct has been ligated may also be used for 
assay (93). 

IV. Occurrence and Distribution of Antihemorrhagic Substances 

Following the early development of bioassay procedures by Dam (51), 
Sch0nheyder (167, 168), and Almquist (3, 20), many possible sources of 
the vitamin were surveyed. Dam and his collaborators (49, 51, 56, 58, 
65) showed that the antihemorrhagic factor is widely distributed in green 
leaves and vegetables. Chestnut leaves are the most potent source, but 
alfalfa, cabbage, spinach, grass, cauliflower, and nettle also are rich sources 
of the factor. Seeds (sunflower, hemp, soybean, pea, oats, wheat, and 
yellow corn), roots (carrots and potatoes), fruits (strawberry, hips, and 
ripe tomatoes), and the lower plants (moss, lichen, fungus, seaweed, and 
mushroom) contain only a limited amount of the vitamin. Cod-liver 
oil and wheat-germ oil, which are good sources of vitamins A and E, 
respectively, contain no vitamin K. Furthermore, Dam (55) reported 
that the vitamin could not be detected in beef muscle, lung, kidney, 
adrenals, calf brain, and thymus, but that a diet containing 20 per cent of 
hog liver will prevent the disease. In his early work, hog-liver fat was used 
as the source of the antihemorrhagic substance. Almquist and Stokstad 
(20, 23) reported in 1935 that the addition of 0.5 per cent of dry alfalfa 
to the deficient diet (see page 480) prevented the appearance of hemor- 
rhagic symptoms, and from that time alfalfa has been one of the main 
sources of the vitamin. 

In contrast to the distribution of carotene in carrots, vitamin K occurs 
in the leafy portion, but not in the roots (9). This suggested a relation- 
ship between photosynthesis and the abundance of vitamin K. Further 
evidence in favor of this view was furnished by Dam (58), who showed that 
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a much larger amount of vitamin K is found in peas grown in light than in 
peas grown in the dark. 

In the egg the vitamin is localized in the yolk (21, 51). The reserve in 
the newly hatched chick is influenced by the level of vitamin K in the diet 
of the hen (21). The liver of the chick contains very little vitamin (21, 
65), whereas, as previously noted, 20 per cent of hog liver in the diet will 
prevent the disease (55). 

Discovery of a second antihemorrhagic factor resulted from an observa- 
tion of Almquist and Stokstad (20, 23) that the protein foods used in the 
diets often contained a protective factor and that rice bran, fish meal, and 
other foods which had been stored in a moist condition developed vitamin 
K activity. That this production was due to the action of micro6rganisms 
was definitely concluded from Osterberg^s (149) work, which showed that 
bacterial putrefaction of fish meal gives a highly potent antihemorrhagic 
product and from the report (Almquist, Peniler, and Mecchi (19)) that a 
large number of bacteria, including M, tuhercvlosis, B. coli, B. cereus, and 
B, subtiliSf synthesize a fat-soluble antihemorrhagic factor which is not 
released or excreted into the culture medium. In general, microorganisms 
of the mold, yeast, or fungus types are inactive (9). Limburger cheese is 
active, whereas acidophilus milk and buttermilk contain no detectable 
antihemorrhagic potency. 

Almquist and Stokstad (21) showed that a large amount of an ether- 
extractable antihemorrhagic factor is present in the fecal matter of chicks 
receiving a vitamin K deficient diet. Apparently this substance is syn- 
thesized by bacteria in the lower portions of the intestinal tract. McKee 
et al, (145) found appreciable quantities of vitamin K in horse, cow, 
sheep, hog, and human feces. 

V. Isolation of Vitamin K 

A. VITAMIN Ki 

1 . Properties of impure preparations 

The early work on the purification of vitamin K was conducted chiefly 
by Almquist and Dam. In 1935, Dam (51, 55), working with hog-liver 
fat, reported that the active factor was extractable with ordinary fat 
solvents, was partially destroyed by cold saponification, and occurred in 
the non-saponifiable non-steroid fraction. Heating at 100°C. for 12 hr. 
did not destroy the activity. In the same year, Almquist (5, 20) showed 
that the factor in alfalfa occurred in the ether-soluble non-saponifiable 
fraction and furnished evidence which indicated that the vitamin was not 
an acid, ester, or base. He likewise found the vitamin to be thermostable. 
I This observation led him (4) to introduce molecular distillation as a means 
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of purification. Almquist (3, 5, 8) found that the vitamin was labile toward 
alkali, and this observation has been confirmed repeatedly by other in- 
vestigators (9, 65). In the same paper (3) Almquist reported the prepara- 
tion of crude concentrates. He found that less extraneous material was 
extracted with the active factor from dehydrated alfalfa by hexane than 
by other solvents. Since this report, hexane and petroleum ether have 
been extensively used for preparing crude extracts. 

Chlorophyll and xanthophyll were removed from hexane extracts 
by adsorption on activated magnesium oxide (Micron brand) and activated 
carbon, respectively. Other impurities were removed by partition between 
90 per cent methanol and petroleum ether, the vitamin remaining in the 
methanol layer. The products thus obtained were subjected to molecular 
distillation (4, 5), the active material distilling at 120° to 140°C. at 10^ mm. 
In 1937, Almquist (8) reported that concentrates of this type gave an 
active crystalline preparation when absolute methanol solutions were 
chilled with solid carbon dioxide. However, in the light of the present 
knowledge of the vitamin, it seems likely that the activity must have been 
due to adsorption on the surface of the crystals. Later, Almquist modified 
his concentration procedure somewhat, using Lloyd’s reagent (7) and 
phosphotungstic acid (126) instead of magnesium oxide for the removal 
of plant pigments. 

Dam (50, 63, 65) used acetone for extraction of the vitamin. He 
obtained partially purified products by precipitating impurities by chilling 
ethanol and acetone solutions and by partition between 90 per cent 
methanol and petroleum ether. However, differing from Almquist, he 
obtained the vitamin in the petroleum ether layer (65). Adsorptions on 
calcium carbonate and sucrose were effective in removing some of the 
impurities, and distillation at 115-140°C. at 10“^ mm. increased the 
potency of the product. In a study of adsorbents, he reported that the 
vitamin was destroyed by aluminum oxide, magnesium oxide, silicic acid, 
and calcium sulfate and was only weakly adsorbed by calcium carbonate 
and sugar. Still another adsorbent — florex — was used by Riegel (163) 
to effect a partial purification of vitamin Ki. 

Almquist (11) reported that the vitamin could be separated from con- 
centrates as a choleic acid. However, other investigators, using more 
highly purified products (37, 163), have been unable to prepare a choleic 
acid of the vitamin. 


(a) Characterization 

Although it seems likely that none of the preparations described prior 
to 1939 contained more than a few per cent of the vitamin and that chemical 
data on such products are often of little value and sometimes actually mis- 
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leading, a number of significant observations were made. Almquist 
reported the absence of sulfur, phosphorus, and nitrogen in his most 
active preparations (7). The potenej'' was destroyed by reagents which 
react with double bonds, e.g., bromine, chromic acid, nitric acid, perbenzoic 
acid, ferric chloride, sulfuric acid, and hydrogen iodide (5, 6, 127). 
Reagents which attack hydroxyl groups, e.g., phenylisocyanate, 3,5- 
dinitrobenzoyl chloride, benzoyl chloride, acetic anhydride and cyanic 
acid, — failed to alter the activity (5, 6, 63, 127\ The failure of ketonic 
reagents,— such as 2,4-diriitrophenylhydrazine, Girard's reagent T, and 
hydroxylamine— to react, indicated an absence of ketonic; groups f6, 63, 127). 
Another important i)oint contributed by Almquist was the, discovery that 
the vitamin is destroyed by ultraviolet light (6) This finding and the 
extensive and unexplained destruction of vitamin during the course of 
purification led MacCorqiiodale c/ al, (135) to s+udy the effect ol illumina- 
tion from ordinary Mazda light bulbs. They found that the purified 
vitamin, dissolved in benzene or ethanol, is completely destroyed after a 
few hours' exposure. 

Thayer, MacCorqiiodale, Binkley, and Doisy (182) reported in 1938 
that they had isolated a white crystalline compound, melting at 69°C., 
which after four reci^^stallizations possessed vitamin K activiij^ Subse- 
quent work failed to confirm this report, and the error was acknowledged 
(37, 135). The apparent response to this compound was probably due to 
the bleeding of the chicks prior to the assay to determine whether they had 
been depleted of vitamin K (see also reference 46). 

2, The product of Dam and Karrer 

In March, 1939, Dam, Karrer, et al (57) reported the isolation of 
vitamin Ki in a pure or approximately pure form. Later (119) they stated 
that this product was pure vitamin Ki.^ The data presented in the first 
paper for the c.hromatographically homogeneous oil arc; the percentages 
of carbon and hydrogen, the potency by bioassay, the ultraviolet absor]> 
tion curve, the extinction coefficient at 248 mg, and the effect of catalytic 
reduction in hexane on the ultraviolet absorption. Of these data the only 
accurate criterion of purity is the extinction coefficient. A comparison 
of the value = 280 at X 248 mg with a large number of values ob- 
tained by other investigators (to be discussed in a later section) indicates 
that their product was not entirely pure. 

The product of Dam and Karrer (120), the preparation of which was not 
described until late in 1939, was obtained from petroleum ether (extracts 
of alfalfa by the following method: removal of the chlorophyll by adsorp- 

^ * Dam and Karrer have given vitamin Ki the name a-Phyllochinon (a-pbyllo- 

quinone), but thus far this name has not received wide acceptance. 
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tion on zinc carbonate; precipitation of impurities from petroleum ether; 
molecular distillation; or 3 ^stallization of impurities from acetone; and, 
finally, chromatographic adsorption on magnesium sulfate and zinc car- 
bonate. After seven or eight adsorptions on zinc carbonate, further 
adsorption failed to increase the potency of the product. A 15 to 20 per 
cent yield of the vitamin present in the active distillate was obtained by 
this process. 


3. The product of the St Louis University group 
(a) Method of isolation 

From the properties of the vitamin as determined by Dam and Almquist 
on the crude concentrates, it was evident that pure preparations of the 
vitamin could not be obtained by chemical means, e.g., removing impuri- 
ties by saponification, separation of the activity into a ketonic fraction or 
alcoholic fraction, etc. The results of partition between various solvents 
and of distillation had likewise proved disappointing. As a result, in- 
vestigators had turned to the possibility of chromatographic adsorption 
(37, 63, 74, 120, 163) as a means of purification. The method developed 
by Binkley et al. (37) led to the first isolation of vitamins Ki and K 2 in a 
form of established purity. Although a large number of adsorbents 
(alumina, magnesium oxide, infusorial earth, Fuller^s earth, supercel, 
magnesium oxide plus supercel, sucrose, decalso, permutit, norite, darco, 
nuchar, calcium sulfate, and calcium carbonate) were studied under 
varying conditions, the most satisfactory were permutit and decalso — two 
artificial zeolites used for water-softening purposes — and darco. With a 
modified chromatographic adsorption method, it was found that decalso 
and permutit are very satisfactory for the concentration of crude prepara- 
tions, while darco is advantageous with preparations containing more 
than 10 per cent of the vitamin. The vitamin is stable toward these 
adsorbents; it is easily eluted; the adsorptive properties are such that a 
twenty- to forty-fold concentration can be obtained by a single adsorption; 
and the process is practically quantitative from start to finish. Decalso 
and permutit are suitable for handling large quantities (extract of 1000 
pounds of alfalfa leaf meal) of crude extracts in one operation. 

Vertical glass cylinders fitted with perforated porcelain bottoms which 
were covered with cotton were used in developing the process of chromat- 
ographic adsorption. For quantity production large copper percolators 
were used as containers for the adsorbents. The vitamin was adsorbed 
by allowing a petroleum ether extract of artificially dried alfalfa leaf meal 
to flow through the adsorbent. It was eluted by washing successively 
with 1:10, 1:7, and 1:5 mixtures of benzene and petroleum ether. By 
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using proper solvents for selective elution of the vitamin, by constantly 
observing the movement of the colored layers in the column, and by careful 
fractionation of the solvents which percolated through, a high degree of 
purification was attained. Three repetitions of this adsorptive process 
gave a reddish oil containing from 20 to 50 per cent of the vitamin. Addi- 
tional adsorptions on permutit did not give any detectable purification. 
Further purification by adsorption on darco, followed by fractional elution, 
gave a lemon-yellow oil (potency 1000 units per milligram) which crystal- 
lized in yellow rosettes from acetone or ethanol at — 70°C. These crystals 
melted at approximately — 20®C. (184, 185). 

Fernholz et al, (74), using a heat-activated calcium sulfate as an ad- 
sorbent, prepared vitamin K concentrates which had a potency com- 
parable to that of vitamin Ki (36). 

(b) Preparation of a crystalline derivative 

In order to establish definite proof of the isolation (144) of the vitamin, 
a crystalline derivative (136), — ^the diacetate of dihydrovitamin Ki 
(m.p. 62-63°C.), — was prepared by reductive acetylation. This com- 
pound, on hydrolysis by means of the Grignard reagent and subsequent 
oxidation with air, gave a lemon-yellow oil identical in every respect with 
the original vitamin. 

B. VITAMIN K2; ISOLATION OF CRYSTALLINE PRODUCT 

By application of the adsorption procedure developed for the isolation 
of vitamin Ki (37), McKee et al (145) isolated a different aiitihemorrhagic 
factor (36, 144) from the petroleum ether extracts of putrefied fish meal. 
Three adsorptions on decalso or permutit yielded a reddish yellow oil 
which crystallized on standing at —5°C, After several recrystallizations 
from an acetone-ethyl alcohol mixture or from a mixture of methyl alcohol 
and chloroform (1:1), a pure yellow crystalline compound melting at 
53.5-54.5°C. was obtained. This compound had a potency of approxi- 
mately 660 units per milligram (185). Evidence that the crystalline 
compound was actually a vitamin was based on (a) recovery of the crystals 
with unchanged melting point and potency after partial destruction by 
passage through a column of alumina, after partial oxidation with perman- 
ganate and after partial destruction during distillation, (b) the similarity 
of the ultraviolet absorption spectra, of the lability toward light, and of the 
chemical properties of the compounds isolated from alfalfa and from putre- 
fied fish meal, (c) twenty recrystallizations from a variety of solvents 
without loss of potency, and (d) the preparation of several different batches 
|having the same melting point and potency. 
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Analyses and molecular weight determinations indicated a formula of 
about ChoH6402 (144, 145). However, degradation studies (38) later 
showed that the correct formula is C41H66O2. 

VI. Constitution of Vitamin K 

A. VITAMIN Ki 

On the basis of analyses for carbon and hydrogen and of molecular 
weight, determinations, McKee ci al. (144) proposed an empirical formula 
of C'32H4802 for vitamin Ki. Since it is not possible to determine accu- 
rately from these data th(‘ number of carlion atoms of compounds of such 
high molecular weight, it is not surprising that shortly thereafter (35, 137) 
degradativ(‘ studic's dianoiistrated that the correct formula is C 31H46O2. 

1. Evidence of qmnonoid structure 

C'atalytic hydrog(‘nation (144) induced an uptake of eight atoms of 
hydrog(‘n, with the fomiation ot a colorless reduction product which upon 
exposure to air was converted to a yellow compound. Upon catalytic 
hydrogenation this yellow product absorbed t\\o atoms of hydrogen, with 
the production of a colorless compound. This behavior, the absorption 
spectrum, th(i lability toward light and alkali, and the presence of two 
atoms of oxygen per mole led McKee ct al. (144) to propose a quinonoid 
structure for vitamin Ki. This conclusion was confirmed by the prepara- 
tion of the crystalline hydroquinone diacetatc, m.p. 62-G3°C. Treatment 
of this diacetyldihydrovitamin Ki with methylmagiiesium iodide produced 
the hydroquinone which, upon being shaken with air, was rapidly oxidized 
to the vitamin. 

The pure yellow color of the vitamin indicated that the substance prob- 
ably belonged to the p-quinone series. This conclusion was supported by 
the discovery that, of a considerable variety of (piinones, only a-naphtho- 
quinones possessed vitamin K activity (181). Moreover, the ultra- 
violet absorption (71) curve indicated a close relationship to a-naphtho- 
quinones. Since the vitamin absorbed two atoms of hydrogen in addition 
to the SIX atoms necessaiy for the fomiation of the tetrahydro derivative 
of the hydro(|uinone, it was apparent that an ethylenic linkage is present. 
Since the vitamin did not respond to Craven’s color test, it was concluded 
that the vitamin is a 1 ,4-naphthoquinone with or without substituents 
in the benzenoid l ing, and with hydrocarbon radicals in the 2- and 3- 
positions. 

Oxidative degradation 

Oxidation of \dtamin Ki with chromic acid resulted in the formation of a 
mixture of substances from which two acids ivere isolated. The identifica- 
tion of phthalic acid demonstrated that the benzenoid ring in the vitamin 
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is unsubstituted. The other acid, a quinone acid, was obtained as pale 
j^ellow crystals melting with decomposition at 210®C. On the basis of one 
analysis, it was suggested that the acid was 2-ethyl-l,4-naphthoquinone- 
3-acetic acid (136). However, when synthetic acids were prepared for 
comparison, it was found that 2-methyl-l ,4-naphthoquuione-3-acetic acid 
had the same decomposition temperature, 210®C., whereas the 2-ethyl 
homolog melted with decomposition at 185°C. The methyl esters of the 
2-methyl-l,4-naphthoquinone-3-acetic acid and the acid obtained from 
the vitamin had the same melting point (127.5~128.5°C.) and the mixture 
showed no depression. The quinone acid was, therefore, 2-methyl-l ,4- 
naphthoquinone-3-acetic acid (I) (35, 137). 


O 



I 

2-M ethyl-1 ,4- 
naphthoquinone-3- 
acetic acid 
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-CHj 


yCHjCOOH 
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II 

1 ,4-Diacetoxy-2- 
methylnaphthaJ ene-3- 
acetic acid 


When diacctyldihydrovitamin Ki was oxidized witli chromic acid, a 
fairly good yield of two products was formed by cleavage at the double 
bond. One product, an acid having the composition CitHhO* and melting 
at 209-210°C., was identified as ] ,4-diacetoxy-2-methylnaphthalene-3- 
acetic acid (II) by comparison of the methyl ester with a synthetic speci- 
men. The second product was a liquid ketone. It was found that this 
ketone could be obtained more .simply and in excellent yield by ozonolysis 
of the diacetate of dihydrovitamin Ki. The ketone. Isolated as the semi- 
carbazone, proved to be identical with the semicarbazone of 2,6,10- 
trimethylpentadecanone-14 (III). 

H H H O 

HjC— C— (CH s)3— A— (CHj) 3— C— CHs— CH*— CHs— C— CHa 

Ah3 Ah, Ah, 

III 

2,6, lO-Trimethylpentadecanone-14 
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3, Structure of vitamin Ki 

The identification of these degradation products of vitamin Ki and its 
diace ty Id ihydro derivative clearly indicated that the constitution of the 
vitamin is that of 2-methyl-3-phytyH ,4-naphthoquinone (IV). 


^VScHa H H H 

I.CH2 ch==c-(ch 2 (CH2),—i—(CHs),—i—CH, 

A ilia in, ills in, 


IV 

Vitamin Ki 


2-meth3d-3-phy tyU , 4-naphthoquinone 


B. VITAMIN K2 

U Evidence of quinonoid structure 

The chemical behavior of vitamin K 2 was quite similar to that of vitamin 
Ki. Upon catalytic hydrogenation it absorbed 9 moles of hydrogen to 
produce a colorless compound which on exposure to air was oxidized to a 
yellow compound. This yellow compound absorbed 1 mole of hydrogen 
to give a colorless solution which on oxidation with air returned to the 
original yellow color. The yellow color, the instability to light and 
alkali, and the behavior in hydrogenation experiments were suggestive of 
the 1 ,4-quinones. Reductive acetylation, a reaction characteristic of 
quinones, gave a white crystalline diacetate of dihydrovitamin K 2 (m.p. 
59.5-bO°C.j. Catalytic hydrogenation of this diacetate caused an uptake 
of 8 moles of hydrogen. The addition of 6 moles of bromine indicated the 
presence of six double bonds in the side chains of the molecule. 

The ultraviolet absorption curves (71) for vitamins Ki and K 2 and for 
2,3-dimethyM ,4-naphthoquinone showed a striking similarity (figure 1); 
likewise, the curves for the diacetates of the corresponding hydroquinones 
showed close agreement (figure 2). This evidence not only supported the 
conclusion that vitamin K 2 is a 1 ,4-quinone but, together with the hydro- 
genation data, indicated that it is a 1 ,4-naphthoquinone. Since, under 
the conditions of reduction, 3 moles of hydrogen were needed to form a 
tetrahydronaphthohydroquinone, the other 6 moles of hydrogen must 
have been used in the saturation of six double bonds in the side chains. 
This interpretation harmonized with the addition of 6 moles of bromine 
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by the diacetate of dihydrovitamin Kj. Since the vitamin did not respond 
to Craven’s color test and did not react with maleic anhydride, it was 
concluded that vitamin K 2 is a 2,3-di8ubstituted 1 ,4-naphthoquinone with 
six double bonds, arranged without conjugation, in the side chains. 

2. Oxidative degradation 

Treatment of the diacetate of dihydrovitamin Kj in glacial acetic acid 
with ozone, followed by decomposition of the ozonide with zinc in ether, 

0 

0— i— CH, 

0 0 0 

/ 11 / 

. X ^CHs— C CH,— C— CH,— CH,— C 

\ \ 

O—C—CHa ^ ® 

A 

V VI 

1 , 4-Diacetoxy-2-methylnaphthaIene- Levulinaldehyde 

3-acetaldehyde 

gave a good yield of 1 ,4-diacetoxy-2-inethylnaphthalene-3-acetaldehyde 
(m.p, 115°C.) (V), which was characterized as the semicarbazone (m.p. 
206°C.). Mixed melting points showed that this aldehyde was identical 
with 1 ,4-diacetoxy-2-methyluaphthalenc-3-acetaldehyde, obtained from 
the diacetate of dihydrovitamin Ki under the same experimental conditions. 
The isolation of this aldehyde demonstrated conclusively that vitamin K 2 
is a 2-methyl-l ,4-naphthoquinone. From the water-soluble products of 
the ozonization reaction, levulinaldehyde (VI) was isolated as the bi8-2,4- 
dinitrophcnylhydrazonc. On the assumption that 5 moles of levulinalde- 
hyde would originate from 1 mole of vitamin K 2 , a yield of 93 per cent was 
obtained. The third compound isolated from the ozonization reaction 
was acetone, which was identified as the 2,4-dinitrophenylhydrazone. 

3. Structure of vitamin K 2 

Since the fragments isolated from the oxidative degradation of vitamin 
K 2 give a total of forty-one carbon atoms, C 41 H 66 O 2 has been proposed as 
the correct empirical formula. The most probable arrangement of the 
units is expressed by structural formula VII . 
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VII. Synthesis of Vitamin Ki 

A. fieser’s hypotheses regarding the structure of vitamin Ki 

While the group of investigators at St. Louis University was approaching 
the problem of the structure of vitamin Ki by degradation, followed by 
s 3 mthesis of the indicated structure (35, 13t), 137), Fieser et ai (82, 83, 85) 
were approaching the problem from a synthetic point of view. “On the 
basis of Doisy^s reports in the May and June Journal concerning the 
properties of pure vitamins Ki and K 2 , and from the observations of the 
Almcpiist, Dam-Karrer, and other groups, we advanced the hypothesis 
early in June that the substances arc 2, 3-dialky 1-1 ,4-naphthoquinones 
. . (84). In the July, 1939, number of the Journal of the American 

Chemical Society^ Fieser, Kiegel, and their collaborators (82, 80) suggested 
as a specific hypothesis that vitamin Ki might be 2,0(?)-dimethyl-3- 
phytyl-1 ,4-naphthoquinone (or the 2-monomethyl compound) and that 
vitamin K 2 might be 2, 3-difarncsyl-l ,4-naphthoquinone. Fieser pro- 
ceeded to test this hj^poihesis by an experimental attack from the syn- 
thetic approach. 

B. SYNTHESES OF VITAMIN Ki 

In the September, 1939, issue of the Journal of the American Chemical 
Society the synthesis of vitamin Ki was described by three different groups 
of workers. Binkley et al. (35) synthesized it by condensing phytyl 
bromide with the monosodium salt of 2-methyl-l ,4-naphthohydroquinone, 
using benzene as a solvent. The product was purified by chromatographic 
adsorption and distillation and identified as the diacetate of dihydrovita- 
min Ki. This synthetic product (138) gave the same degradative products 
and possessed the same potency as the natural vitamin. This same group 
of investigators reported that phytol condensed with 2-methyl-l ,4- 
naphthohydroquinone in the presence of zinc chloride as a condensing 
agent (137). 

Fieser (76, 77, 78, 79, 81) found that 2-methyl-l , 4-naphthohydroqui- 
none condenses with phj’tol in dioxane in the presence of oxalic acid at 75°C. 
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The unreacted 2~methyH ,4-naphthohydroquinone was removed with 
dilute alkali, and dihydrovitamin Ki was separated on the basis of its 
insolubility in petroleum ether. Oxidation with silver oxide gave vitamin 
Ki.® The synthetic compound was identified by its absorption spectrum, 
by its biological activity, and by its conversion to the diacetate of dihydro- 
vitamin Ki. Trichloroacetic acid, phosphoric acid, acetic acid, and heat 
(89) were also used successfully as condensing agents. 

At the same time, Fieser (77) showed that natural vitamin Ki could be 
extracted from partially purified concentrates by converting it to the 
hydroquinone, which can be extracted from petroleum ether with Claisen’s 
alkali containing sodium hydrosulfite. After dihydrovitamin Ki is pre- 
cipitated by dilution, it is (jxtracted with ether and purified by digestion 
with petroleum ether. Comparison of the diacetates of the natural and 
synthetic products left no doubt concerning the success of the S5mthetic 
work. 

The third synthesis was reported by Almquist and Klose (15, 17), who 
condensed 2-methyl-l ,4-naphthoquinone and phytyl bromide in petroleum 
ether, using zin(i and acetic acid to effect the (jondensation. The product 
was purified by molecular distillation. 

The synthetic procedures outlined above gave at best only moderate 
yields of the desired 2-methyl-3-phytyl-l ,4-naphthohydroquinone and a 
considerable amount of a liquid by-product. In view of the formation of 
tocophcrols by similar condensations (174), this substance was regarded 
as a naphthotocopherol (VIII) (86). In an extended study of the by- 
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2-Methyl-2 , 3-dihydro- 
1 ,4-naphthoquinone- 
2-acetic acid 

3 Frank, Hurwitz, and Seligman (96) ’used Fiescr^s synthetic vitamin Ki in the 
successful treatment of pati^uits. This was the first therapeutic use of synthetic 
|Vitamin Ki. 
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product, TishlcT ei aL (188) showed this hypothesis to be untenable. 
Naphthotocopherol was prepared by refluxing vitamin Ki in acetic acid 
with stannous chloride. A study of its chemical properties and absorption 
spectrum showed it to be quite different from the oily by-product. Fur- 
thermore, differences in the absorption spectra of 2-methyl-l ,4,naphtho- 
hydroquinone monoethyl ether and of the oily by-product indicated that 
the latter is not a phytyl ether. 

Chromic acid oxidation of the by-product gave 2-methyl-2,3-dihydro- 
1 ,4-naphthoquinone-2-acetic acid (IX) and 2,6,10-trimc^thylpentadec- 
anone-14; reduction with aluminum isopropoxide yielded a secondary 
diol. Foimation of a crystalline hydrazone likewise indicated the presence 
of two carbonyl groups. This evidence showed that the compound is 

2- methyl-2-phyty 1-2, 3-dihydro-l, 4-naphthoquinone (X). The substance 
possesses antihemorrhagic activity and can be converted in small part into 
vitamin Ki by pyrolysis. 

C. SYNTHESIS OF VITAMIN K2 

To date, a synthesis of vitamin K 2 has not been reported. However, 
d(*gradation of the vitamin has shown conclusively that it is 2-methyl- 

3- (3' ,7' , 1 1 ' , 15' , 19' ,23'-hexamethyl-2' ,6' , 10' , 14' , 18',22'-tetracosahexa- 
enyl)-l, 4-naphthoquinone (38). 


O 



2-Methyl-2-phytyl-2 , 3-dihydro-l ,4-naphthoquinone 

VIII. Physical and Chemical Properties of the Natural Vitamins 

Vitamin Ki is a lemon-yellow oil at room temperature. At — 70®C. 
it separates from acetone or ethyl alcohol in light yellow rosettes which 
melt at about —20°C. into an oil, plus solvent. As the temperature rises, 
the oil gradually passes into solution. The vitamin is soluble in the or- 
dinary fat solvents, — ethyl alcohol, acetone, hexane, benzene, chloroform, 
and dioxane. It is insoluble in water and only sparingly soluble in methyl 
alcohol. 

Vitamin K 2 is a lemon-yellow crystalline compound melting at 53.5- 
54.5°C. It may be crystallized from ethyl alcohol, acetone, or a mixture 
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(1:1) of methyl alcohol and chloroform. In general, it is slightly less 
soluble than vitamin Ki. 

The diacetates of dihydrovitamin Ki and dihydrovitamin K 2 melt at 
62-63®C. and 59.5“60°C., respectively. The dibenzoate of dihydrcH 
vitamin Ki melts at 85-86°C. (78). These derivatives may be crystal- 
lized from ethyl or methyl alcohol. 

Neither vitamin rotates polarized light at a concentration of 1 per cent 
in ethyl alcohol. 


A. ULTRAVIOLET ABSORPTION 

Almquist (6), working with crude vitamin K preparations, found strong 
absorption in the ultraviolet, while Dam and Lewis (63) obtained no char- 

TABLE 1 

Ultraviolet absorption of vitamin Ai, vitamin K^, and some 1 ,JI^-naphthuquinones 


COMPOUND 

X 

LOQ 

Vitamin Ki 

mu 

248 

4.26* (4 29)t 

Vitamin K 2 

248 

(4 27)t 

1 , 4-N aphthoquinones : 

2,3-dimethyl 

249 

4.24* (4.29)t 

2,3-diallyl 

240 

4.: 

2-mothyl-3-(/3, 7 , 7 -trimethylallyl ) 

249 

4.: 


* Values reported by Tishler et al. (188), using alcohol as the solvent, 
t Values reported by Ewing (unpublished data), using hexane as the solvent. 


acteristic absorption with similar preparations. Dam, Karrer, et al. (57) 
and Karrer et al. (119, 120) reported maxima at 248, 261, 270, and 328 
m/i for a preparation which they considered to be the pure or nearly pure 
vitamin. McKee et al. (144), in their first report on the isolation of vita- 
min K, found that vitamin Ki shows maxima at 243, 248, 261, 270 and 323 
m/i and vitamin K 2 shows maxima at 249, 261, 269, and 320 mp. Whereas 
Dam, Karrer, et al. (57) and Karrer et al. (119, 120) found an extinction 
coefficient of = 280 at 248 m/4, McKee et al. reported the value 385. 
Since the intensity of absorption, as measured by the extinction coefficient, 
is an accurate index of the relative purity of different samples, the American 
workers concluded that the Dam-Karrer product was 70 per cent pure.* 

^ In order to obtain more information on the cause of the discrepancy, specimens 
of the same preparations of natural and synthetic vitamin Ki were supplied to both 
Karrer and Ewing for the determination of the extinction coefficient. The values 
reported for -^ 1 ^. at X 248 m/x by Ewing were 421 for the natural vitamin Ki and 
417 for the synthetic; those reported by Karrer were 318 and 324, respectively (un- 
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X irt WM 

Fig 1. Ultraviolet absorption curves of vitamin Ki, vitamin K*, and 2,3- 
di methyl -1 ,4-naphthoquinone. 

Later Binkley et al. (36) reported a value of 540 for the extinction coeflS- 
cient of a single vitamin preparation. Since all subsequent determina- 
tions agree approximately with the value given in the first paper, the figure 

published dpta). Ewing subsequently made additional determinations on specimens 
of the same preparations and obtained 432 and 439 for the natural and the synthetic 
product, respectively In view of the agreement between the values for the extinc- 
tion coefficient of vitamin K 2 reported by Karrer (119, 120) and by Ewing (71), the 
cause for the difference in the values for vitamin Ki is not apparent. 

Although the value of the extinction coefficient of our preparations differed from 
the value given by Karrer, Almquist^s (16, 18) assays of specimens of vitamin Ki 
supplied by the two research groups showed close agreement. 
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of 540 should not be considered as characteristic of pure vitamin Ki. 
After determining the extinction coeflScients of a large number of samples 
of both natural and synthetic vitamin Ki, Dr. Ewing (unpublished data) 



Fig. 2. Ultraviolet absorption curves of diacetatc of dihydrovitamin Ki and 
diacetate of dihydro vitamin K 2 . 

concluded that with hexane as solvent = ^30 + 10 (log Em = 

4.29). This agrees with the most recent values reported by Tishler et al 
(188), who state that the most reliable value for vitamin Ki is log Em = 
14.26 (alcohol). Since Ewing et al (71) found that, by using hexane as a 
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solvent, slightly higher maxima were obtained and the fine structure was 
better defined than in ethyl alcohol, the values reported by the two groups 
are well within the experimental error (see table 1), Through the cour- 
tesy of Dr. Ewing, curves for vitamin iCi, vitamin K 2 , and 2 , 3-dimethy 1- 
1 ,4-naphthoquinone are' reproduced (figure 1). It should be noted that a 
maximum which had previously escaped detection has been found at 
240 m/z. 

Table 1 gives the molar extinction coefficients found for the most in- 
tense absorption band of vitamins Ki and K 2 and of several simple 2,3- 
dialkyl-1, 4-naphthoquinones. It is significant that the values for all of 
these compounds show such good agreement, especially when the difference 
due to the use of different solvents is taken into account. This observation 
is exc(*llent evidence that log Em = 4.27 to 4.29 (hexane) for vitamins Ki 
and K 2 is the correct value. 

The ultraviolet absorption curves for the diaeetates of dihydrovitamins 
Ki and K 2 are reproduced in figure 2. The values for log Em at 232.5 
m/i for the two compounds show good agreement (4.93 for the diacetate 
of dihydrovitamin Ki, and 4.93 for the diacetate of dihydrovitamin K 2 ). 
Fieser (78) reports a slightly higher value (log Em = 4.98) for the di- 
acetate of vitamin Ki, whereas Karrer et at. (120) find that log Em = 4.93. 

B, OXIDATION-REDUCTION POTENTIAL 

Karrer et at. (119) reported an oxidation-reduction potential Em = 
+0.005 volt for the vitamin from alfalfa. Riegel (162, 164) found the 
potential E^ for pure vitamin Ki to be 363 millivolts at 20°C. According 
to Hiegel, Karrer did not use the customary method for determining the 
oxidation- reduction potentials of quinones; consequently, a satisfactory 
comparison of the two values cannot be made. From a consideration of the 
pH of the solvent msed, Riegel calculated Karrer’s value of the oxidation- 
H'duction potential Eq to be about 400 millivolts. 

C. COLOR REACTIONS 

Dam et al. (57) observed that sodium ethylate reacts with vitamin Ki 
to give a transient blue color which fades to reddish brown. Almquist 
(12), working with partially purified preparations, found that the amount 
of color developed agreed well with bioassays, whereas Femholz (74) 
found that some potent preparations of the vitamin failed to give the reac- 
tion. All investigators now agree that the reaction is characteristic of 2- 
methyl-3-phy tyl-1 , 4-naphthoquinone. 

Fieser et al. (85) obtained the characteristic color with 1 ,4-naphtho- 
quinones containing at least one allyl group in the quinonoid ring and iso- 
lated 2-hydroxy-3-allyl-l ,4-naphthoquinone as the end-product of the 
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reaction of sodium ethylate with 2,3-diallyl-l,4-naphthoqumone. Later 
it was established that synthetic vitamin Ki gave phthiocol as one product 
of the color reaction (77, 78). The following mechanism was proposed for 
this reaction (85) : 


0 



NaOR 



=CH— CH--CHR 



Essentially *^ae same interpretation of the first phase of this color reaction 
was advanced by Karrer (117). 

The formation of phthiocol from vitamin Ki by alkali led to the sugges- 
tion that the phthiocol isolated from the human tubercle bacilli may have 
arisen from the alkaline cleavage of a K-type vitamin. 

Another color reaction which proved to be useful in determining the 
structure of vitamins Ki and K 2 was Craven^s color test (38, 48, 137). 
l,4-Naphthoquinone8 substituted in the 2-position give a deep blue color 
with ammoniacal alcoholic ethyl cyanoacetate, while 2,3-disubstituted 
derivatives give no color. 

IX. Simple 1 ,4-Naphthoquinone8 and Related Compounds 

As soon as McKee et al, (144) announced that vitamins Ki and K 2 are 
quinones and gave data which could be interpreted only in terms of the 
a-naphthoquinones, a number of investigators became interested in the 
potencies of the naphthoquinones. The first report was by Almquist (13), 
who apparently correlated the production of vitamin K potency by bac- 
teria with Anderson^s phthiocol from tubercle bacilli. Although this 
compound possesses potency, its activity is not comparable with that of the 
vitamin from alfalfa. A very important observation was made by Ans- 
bacher (29, 31, 72), who found that 2-methyl-l ,4-naphthoquinone is more 
active than vitamin Ki. Although other groups of investigators (14, 
15, 181) failed in their early work to observe the great activity of this 
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compound, they now agree that it is at least twice as active as vitamin 
Kx (16, 18, 67, 69, 161, 180, 183, 190). 

A. QUINONES WITHOUT POTENCY 

The following quinones, which do not belong to the 1 ,4-naphthoquinone 
series, have been prepared and tested for vitamin K activity: benzoquinone 
(15, 30, 181), toluquinone (30, 181), p-xyloquinone (141, 181), phlorone 
(30) , dially 1-1 , 4-bcnzoquinonc (82) , 2-methoxy-3-methyl-l , 4-benzoqui- 
none (141), 2,3-dimethyl-l,4-benzoquinone (141), trimethylbenzoquinone 
(30, 141), triethylbenzoquinone (61), thymoquinonc (61, 181), diamylhy- 
droquinone (181), duroquinone (30, 61, 141), 2,3,5-trimethyl-6-phytyl- 

1 .4- bcnzoquinone (90), trimethyl-7-ox3"butylbenzoquinone (61), diallyl- 

1 .4- benzohydroquinonc diacetate (82), a-tocopherylquinone (61, 133), 
anthraquinone (15, 61, 141), 1 , 2-dihydroxyanthraquinonc (15), anthra- 
quinone-/3-sulfonic acid (181), 1,1 ,3-trimethyl-l ,4-dihydroanthi’aquinone 
(92), 2 , 7-dinitrophenanthraquinone (l4l), 2-hydroxy-3-methylanthra- 
quinone (141), quinalizarin (141), rufigallol (141), purpurin (141), 
1 , l-dimethyl-3-^er^-butyl-l , 4-dihydroanthraquinone (92) , 2-(5-methyl-7- 
pentenyi)-! ,4-diliydroanthraquinone (92), dihydroanthraquinone diacetate 
(181), and phenanthraquinone (61, 141, 181). Of these quinones only a 
few have been reported to possess antihemorrhagic activity. Ansba(*her 
(30) found phlorone to be active at 1 mg. Kuhn et ai (133) reported that 
a-tocopherylquinone is active at 10 mg., but Dam et al. (61) found it to 
be inactive at a level of 0.0044 mg. per gram of body weight. Triethyl- 
benzoquinone shows slight activity (61). Martin and Lischer (141) 
found that purpurin is active at 0.1 mg. and that rufigallol, anthragallol, 
and duroquinone are active at 10 mg. 

A large number of naphthoquinones containing hydroxyl groups have 
been studied. These include phthiocol (13, 18, 29, 72, 79, 181), 3,4- 
dihydroxy-1 , 2-naphthoquinone (134), 2-all3d-3-hydroxy-l ,4-naphtho- 
quinone (134), 2-n-butyl-3-h3^droxy-l ,4-naphthoquinonc (134), a-lapa- 
chone (80, 134), lapachol (14, 80, 82, 85, 133), lomatiol (14, 80, 82), 
h^^drolapachol (15, 80, 82), phthiocol eth^d ether (15), phthiocol octadecyl 
ether (15), phthiocol phytyl ether (15), dihj^drophthiocol triacetate (15), 
phthiocol monoacetate (15, 18), hydroxyhydrolapachol (80, 82), lomatiol 
methyl ether (82), lapachol methyl ether (82), juglone (133), 3, 5, 6, 7,8- 
pen taoxy -2-ally 1-1 ,4-naphthoquinorie (133), 2-a-heptenyl-3-hydrox3^-l ,4- 
naphthoquinone (83), 2-w-heptyl-3-hydroxy-l , 4-naphthoqumone (83), and 
j3,i9-dimethyldihydrofurano-l ,4-naphthoquinone (134). As compared 
with vitamin Ki or 2-methyl-l , 4-naphthoquinone, these compounds are 
relatively inactive. Phthiocol, which has been reported to be from -5^7^ to 
less than as active as the vitamin, has special significance, since it 
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was the first simple 1,4-naphthoquinone reported to have vitamin K 
activity. 


TABLE 2 

^-Substituted 1 ,4-naphthoquinone8 and derivatives 


COMPOUND AND RErSBSNCE 

APPROXIMATE 
WKIOHT OP ONE 
UNIT 

! 

Naphthalene (15) 

7 

1,2-Naphthoquinone (73, 181) 


1,4-Naphthoquinonc (15, 61, 73, 133, 181) 

1000 

2-Methyl-l ,4-naphthoquinone (XIV) (18, 29, 61, 67, 72, 134, 170, 180, 
181, 183, 190) 

0.5 

2-Ethyl-l,4-naphthoquinone (73, 170, 181) 

100 

2-n-Propyl-l ,4-naphthoquinonc (73, 85) 

1000 

2-Allyl-l,4-naphthoquinonc (73, 82, 83, 181) 

>1000 

2-n-Hexadecyl-l ,4-naphthoquinonc (73) 

>1000 

2-n-Octadecyl-l ,4-naphthoquinone (73) 

>1000 

2-Gcranyl-l, 4-naphthoquinone (89, 90) 

— • 

2-Farnesyl-l ,4-naphthoquinone (89, 90) 

— 

2-Phytyl-l ,4-naphthoquinone (61, 89, 90, 121) 

50 

1,4-Naphthohydroquinone diacctate (181) 

2000 

2-Oxymethyl-l ,4-naphtho{iuinone acetate (61) 

Weak 

2-Methyl-l, 4-naphthohydroquinone diacetate (29, 61, 72, 181) 

1 

2-Phytyl-l,4-naphthoquinone oxide (91) 


2-Farnesyl-l,4-naphthoquinonc oxide (91) 

, 600 


Owing to the differences in assay procedures used in various laboratories and our 
utilization of data published by other investigators, the values given in these tables 
for the potencies of these compounds are only approximations. However, there is 
little doubt that the order of magnitude of the potencies is correct. 

Many different units are in use, but in these tables the values given are in terms of 
our unit . This unit is the specific antihemorrhagic activity of 0.8 mg. of a standaid 
alfalfa extract. On the basis of this unit and by the procedure of assay used in this 
laboratory, the potency of 2-methyl-l, 4-naphthoquinone is 2000 units per milligram 
and that of vitamin Ki is 1000 units per milligram. 

As an example, the following method was used in assigning potencies to compounds 
which have not been assayed in this laboratory: Dam gives the activity of vitamin Ki 
as 12,000,000 and that of 2-methy 1-1, 4-naphthoquinone monoxime as 5,000,000 of his 
units. The weight of one of our units of the oxime is therefore 2 4 7 ; the approximate 
figure 27 is given in the table. In these tables, — in the column giving the weight of 
the unit indicates that the compound was inactive for the amount used in the assay. 

The following naphthoquinones which are substituted in the benzenoid 
ring failed to show appreciable vitamin K activity: 2, 6-dimethy 1-1 ,4- 
naphthoquinone (73, 83), 2, 7-dimethyl-l, 4-naphthoquinone (83), 2,3,5- 
trimethyl-l,4-naphthoquinonc (61), 2,3,6-trimethyl-l ,4-naphthoquinone 
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(61), 3,5,7-trimethyl-l ,4-naphthoquinonc (61), 3, 6, 7-trimethyl-l ,4- 

naphthoquinone (61), 3, 5, 7-triinethyI-l, 2-naphthoquinone (61), and 
2 , 6-dimcthy 1-3-phy ty 1-1 , 4-naphthoquinone (78) . 

Table 2, which includes the 2-substituted 1,4-naphthoquinones and 
derivatives, shows that, if the alkyl group is increased beyond the methyl 
group, the potency is lost and is not regained even when the alkyl group 
contains sixteen to twenty carbon atoms. 

TABLE 3 


2 ,S-Dtsubstiiuted 1 ,4.-naphthoquinones and derivatives 


COMPOUND AND REFlllUBNCB 

APPROXIMATS 
WBIQHT OF ONE 
UNIT 

2-Mcthyl-l,4-naphthoquinono (XIV) (18, 29, 61, 67, 72, 134, 170, 180, 

•y 

181, 183, 190) 

0.5 

2,3-DimethyUl ,4-naphtho(iuinone (82, 85, 1331 

50 

2-Methyl-3-br()mo-l ,4-naphthoqinn()ne (181) 

10,000 

2-Methyl-3-amino-l ,4-iiaphthoquinone (18) 

75 

2-IVI(‘thyl-3-beiizyl-l ,4-naphthoquinone (78, 87) 

>100 

2-Mclhyl-3-trimethylallyl-l ,4-iiaphth()quinonc (87) 

>100 

2-Methyl-3-cinnamyl-l,4«nnpbthoquinone (78, 87) 

100 

2-Methyl-3-geranyl-l ,4-naphthoquinone (78) 

25 

2-Methyl-3-farnesyl-l ,4-naphthoqunione (89) 

2-Mothyl-3-phytyI-l ,4-naphthoquinone (18, 33, 61, 69, 72, 76, 137, 144, 

10 

183, 185) 

1 

2-Methvl-3-palmityl-l ,4-naphthoquinone (18) 

4 

2-Methvl-3-n-octadeoyl-l ,4-naphthoquinone (73) 

1,000 

2-Ethyl-3-phytyl-l ,4-naphthoquinone (78) 

>160 

2,3-Diallyl-l,4-naphthoqumone (73, 82) 

>1,000 

2-Methyl-l, 4-naphthoquinone dimer (18) j 

20 

2,3-Dibromo-2-incthyl-l ,4-dioxotetrah''dronaphthaienc (181) 

10,000 

2,3-Dimethyl-l, 4-naphthoquinone oxide (91) 

25 

2-Methyl-3-cinnamyl- 1,4-naphthoquinone oxide (91) 

Weak 

Disodium 2,3-dimethyl-l,4-naphthohydroquinone disulfate (88) 

500 


B. POTENT 1,4-NAPHTHOQUINONES 

Wlien 2-methyl-l ,4, naphthoquinone (table 3) is substituted in the 3- 
position by groups other than an alkyl group, e.g., bromine, amino, etc., 
the most potent derivative is only as active as the parent compound. 

2.3- Dimethyl-l ,4-naphthoquinone is about ^ as active as the compound 
not substituted in the 3-position. From his study of a series of 2 , 3-dialkyl- 

1 .4- naphthoquinones, Ficser (78) reported a certain specificity in structure 
associated with antihemorrhagic activity. With the exception of 2,3- 
dimethyl-1 , 4-naphthoquinone, activity l)egan to appear as the alkyl 
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groups were increased in size beyond six to eight carbon atoms, became 
appreciable in the 2-methyl-3-cinnamyl (ten carbons) and 2-methyl-3- 
geranyl^ (eleven carbons) compounds, and reached a peak in vitamin Ki 
(twenty-one carbons) and vitamin K 2 (thirty-one carbons). Fernholz 
et aL (73) pointed out that the inactivity of 2-n-octadecyl, 2-methyl-3-n- 
octadecyl, and similar long-chain substituted 1 , 4 -naphthoquinones does 
not fit into this picture. However, there docs appear to be an increase in 
activity with increase in the length of the chain in the 3-position, so long 
as this chain is / 3 , 7 -unsaturated and is made up of isoprenoid units. As 
pointed out in the discussion of table 2 and as illustrated by the contrasting 
inactivity of 2-ethyl-3-phytyl-l ,4-naphthoquinonc, the methyl group in 
the 2 -position is highly specific. Since on a weight basis 2 -methyl-l ,4- 
naphthoquinone is twice as active as vitamin Kj, whereas, on a molar 
basis, the two are of about equal activity, Fieser postulated that 2-methyl- 
1 ,4-naphthoquinone merely served as a component^ for the synthesis of 
vitamin Ki in the organism. Almquist and Klose (18) pointed out that 
the ratio of the activities of vitamins Ki and K 2 is directly proportional 
to their respective contents of 2 -methyl-l, 4-naphthoquinone, and that 
the potencies of these vitamins are equivalent to about 80 per cent of the 
2 -methyl-l ,4-naphthoquinone contained in them. These investigators 
propose that these relationships can be best explained by assuming that the 
long side chains of vitamins Ki and K 2 arc split off to the same extent. 

C. OTHER POTENT COMPOUNDS 

Tishler and Fieser and coworkers have prepared a number of methyl- 
naphthols (XI) and methyltetralones (XVI) (table 4). Of these, the 
compounds which on oxidation could give 2-methyl-l, 4-naphthoquinone 
have potencies of the same order as vitamin Ki. jS-Methylnaphthalene 
is active at 1 mg., but l-amino-2-methylnaphthalene is considerably more 
active. In a study of the following series of compounds* — (1) /3-methyl- 
naphthalene, l-nitro-2-methylnaphthalene, (S) l-amino-2-methyl- 
naphthalene, { 4 ) 2-methyl-l-naphthol (XI), (S) 4-amino-2-methyl-l- 
naphthol (XII), (ff) 2-methyl-l ,4-naphthohydroquinone (XIII), and (7) 
2-methyl-l, 4-naphthoquinone (XIV) — compounds 1,2, and 3 showed 
low potencies, but compounds 5, 6, and 7 showed appreciably more ac- 
tivity. 2-Methyl-l-naphthol was about 3 V ^ active as 2-methyl-l ,4- 
naphthoquinone. 

Fieser made the significant observation that the oxides of 1,4-naphtho- 
quinones possess the same order of potency as the compounds from which 

•Richert, Binkley, Thayer, and Doisy (unpublished data and also references 
j80andl87). 
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OH 






XI 

2-M ethyl-1 - 
naphthol 


Antihemorrhagic compounds 


OH 

OH 

CH, 


\yK^J 


NH* 

OH 

XII 

XIII 

4- Amino-2-methyl- 1 - 

2-Methyl-l ,4- 

naphthol 

naphthohydroquinone 


0 



2-M ethyl-1 ,4- 
naphthoquinone 


O 



2-Methyl-l ,4- 
naphthoquinone oxide 


0 


/\ 

H H 

XVI 

2-Methyl-l- 

tetralone 


1 


/\/ycH, 

1 

\/\/' 

1 

\/\J 

1 

0 — SO3H 

0 — PO3H2 

0— CHj 

XVII 

2-Methyl-l ,4- 
naphthohydroquinone 
disulfuric acid ester 

XVIII 

2-Methyl-l ,4- 
naphthohydroquinone 
diphosphoric acid ester 

XIX 

1 ,4-Dimethoxy-2- 
methylnaphthalene 


tho}^ are derived (tables 4 and 5). These compounds are colorless, are 
easily reduced to quinones, and do not give the Dam-Karrer color test. 
On this ])Hsis, he postulated that vitamin Ko (33) of Ansbacher might be 
the oxide of vitamin Ki. 

The hydro(iuinones are equal in activity to the corresponding quinones, 
whereas the diacetates are one-half as active. This statement holds for 
the hydro(|uinones and the diacetates of all 1 ,4-naphthoquinoncs that 
have been assayed (18, 31, 72, 181). However, Dam ei al. (61) report 
considerably less activity for the diacetate of dihydrovitamin Ki. 
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TABLE 4 

NaphtholSf tetr atones, esters of ^^metkyl^l ,4^naphthoquinone, and related compounds 


COMPOUND AND BBFBIISNCE 


APPROXIMATE 
WEIGHT or ONE 
UNIT 


7 


2- Methyl-l-naphthol (XI) (187, 189) 

3- Methyl-l-naphthol (187, 189) 

1- Mcthyl-2-naphthol (187) . 

3-Methyl-2-naphthol (187, 189) 

4>Methyl-l-naphthol (187, 189) . ... 

2- Methyi-l -naphthyl amine (187, 189) . 
/3-Methylnaphthalene (187) 

3- Mcthyl-l-tetraIoTie (187, 189) 

2-Methj^l-l-tetralonc (XVI) (187, 189) 
2-Methyl-5,6,7,8-tctrahydro-l ,4-naphthoquinone (76) 
2-Methyl-l, 4-naphthoquinone oxide (XV) (79, 91) 
2-Methvl-l,4-dimcthoxynaphthaIene (XIX) (31) 
2-Methyl-l ,4-naphthoquinone monoxime (61) 
2-Methyl~l,4-naphthohydroquinone diacetate (18, 31) 
2-Methyl-l, 4-naphthohydroquinone dipropionate (31) 
2-Methyl-l, 4-naphthohydroquinone dibenzoate (31) 
2-Methyl-l, 4-naphthohydroquinone di-n-biityrate (31) 
2-Methyl-l, 4-naphthohydroquinonc diisobutyrate (31) 
2-Methyl-l , 4-naphthohydroquinone di-n- valerate (31) 
2-Metbyl-l , 4-naphthohydroquinone diiso valerate (31) 
2-Mc thy 1-1, 4-naphthohydroquinone dimesitoate (187, 189) 
2-Methyl-l, 4-naphthalenedioxydiacetic acid (32) 


1 

1 


5 

1000 

1 

1 

1000 

5 

5 

2 

1 

1 

1 

1.26 

5 

1.26 

3 

200 

2000 


TABLE 5 

Vitamin Ki and derivatives 


COMPOUND AND RErxaXNCB 


Vitamin Ki (18, 33, 61, 69, 72, 76, 137, 144, 183, 186) 
Dihydro vitamin Ki diacetatc (36, 137) 

/3,7-Di hydro vitamin Ki (90, 189) 

2-Meth3d-3-phytyl-6,8-dihydro-l ,4-naphthoquinone (90) 
j3,'y,6,6,7,8-Hexahydrovitamin Ki (75, 90, 189) 

Vitamin Ki oxide (91) 

Dipotassium vitamin Ki hydroquinone disulfate (88) 
Dihydro vitamin Ki diphosphoric acid (88) 
Naphthotocopherol (76, 90) 

2-Methyl-3-isophy tyl-1 ,4-naphthoquinone (33) 
2-Methyl-2-phytyl-2,3-dihydro-l ,4-naphthoquinone (188) 
4 


APPROXIMATE 
WEIGHT or ONE 
UNIT 


1 

2 

6 

5 

>2 

1 

>500 

25 

300 

(> 1000 ) 

15 

50 


500 
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The high potency of 2-methyl-l ,4-dimethoxy naphthalene (XIX) (table 
4) is interesting. Owing to the difficulty of biological hydrolysis of methyl 
ethers of phenols,® Ansbacher believed it possible that this compound acted 
as a whole. Likewise, he favored this explanation for the lower activity 
of the complex esters of 2-methyl-l ,4-naphthohydroquinone rather than 
differences in the rate of hydrolysis or in the rate of absorption. As Tishler 
et al. (187) noted, another possibility to be considered is direct oxidation 
of the derivative to 2-methyl-l, 4-naphthoquinone. However, these in- 
vestigators consider the low activity of the dimesitoyl derivative of 2- 
methyl-1 , 4-naphthoqumone as active as the dibenzoate) to be an 
indication that hydrolysis plays an important part. Since a biochemical 
study on the mode of action of these compounds has not been reported, 
any statement on this question is premature. 

Table 5 is a compilation of the derivatives of vitamin Ki and compounds 
whi(;h may be considered to be related in structure. Like the effect on 
the potency of 2-methyl-l ,4-naphthoquinone, complete reduction of the 
benzenoid ring destroys the activity, while other reduction products show 
diminished activity. Fieser et al. (90) reported naphthotocopherol to be 
active at SOOy, whereas Fernholz et al, (75) found it to be inactive at 1 
mg., while the oxidation product was active at SOOy. The disulfatc and 
the diphosphate of dihydrovitamin Ki show considerably less activity than 
vitamin Ki. 

D, POTENT WATER-SOLUBLE COMPOUNDS 

Since the 1 ,4-naphthoquinones and the natural vitamins arc oil-soluble 
and must be used in cunj unction with bile salts in oral therapy, and since 
a large ])roportion of patients in need of therapy cannot be treated orally 
because of nausea, intestinal obstruction, or other complications, it was 
important to find a compound of high activity which could be dissolved in 
an aqueous medium for intravenous use.^ Although 2-methyl-l ,4- 
naphthoquinone and 2-methyl-l ,4-naphthohydroquinone have been used 
successfully, the solubility in saline is too low for their use in a convenient 
volume. The compounds listed in table 6 possess the same order of po- 
tency as 2-methyl-l ,4-naphthoquinone and are water-soluble by reason 

® Althougli it is commonly believed that the methyl ethers of phenols are not 
easily hydrolyzed, Westerfeld (201) and Stroud (178) have shown that certain ethers 
of this type lire hydrolyzed by monkeys and by rabbits, respectively. 

^ Th(.‘ watc'r-soluble compounds can be used orally as well as intravenously. 
Warner and Flynn (198) have shown that the potassium salt of the disulfuric acid 
ester of 2-mothybl ,4-iiaphthohydroquinone is readily absorbed from the intestinal 
tract of rats without the aid of bile salts. Smith and Owen (171) have found that 
patients respond to the oral administration of 1 mg. of 4-amino-2-methyl-l-naphthol 
without the addition of bile salts. 
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of a free amino group which forms a water-soluble hydrochloride, or an 
acidic group which forms a salt, or glucose residues which increase the water 
solubility. On a molecular basis, sodium 1 ,4-naphthohydroquinone disul- 
furic acid ester is one-third as active as the quinone itself. Foster et al, 
(95, 134) and Almquist (18) claim that tetrasodium 1,4-naphthohydro- 
quinonediphosphoric acid ester (XVIII) is about 1.5 times as active as 
2-mcthyl-l ,4-naphthoqumone on a molecular basis and conclude that the 
vitamin probably acts through this derivative in the animal body. On 
the other hand, Ansbacher (32) reports that it is less active than the parent 
quinone or hydroquinone. 


TABLE 6 


Highly potent water-soluble compounds 


COMPOUND AND RBFERBNCK 

APPROXIMATE 
WEIGHT or ONE 
UNIT 

2-Methyl-l ,4~naphthoquinone (XIV) (18, 29, 61, 67, 72, 134, 170, 180, 

y 

181, 183, 190) 

0.5 

2-Methyl-l,4-naphthohydroquinone (XIII) (18, 31, 67, 170). 

0 5 

2-Methyl-l,4-naphthohydroquiiione monosuccinate (161) 

0 7 

2-Methyl-l ,4-naphthohydroquinone disuccinatc (61) 

1 

4-Amino-2-methyl-l-naphthol hydrochloride (XII) (18, 61, 67, 161). 

1 

4-Amino-3-methyl-l-naphthol hydrochloride (161) 

1 

Disodium 2-methyl-l , 4-naphthohydroquinone disulfate (XVII) 


(32, 79, 88, 161) 

6 

Tetrasodium 1, 4-naphthohydroquinone diphosphoric acid ester 


(XVIII) (18, 32, 94, 95, 134) 

0 6-5 

2-Methy 1-1, 4-naphthohydroqui none dighicoside (162). 

? 

2-Methyl-l, 4-naphthoquinone sodium bisulfite complex (162).. 

? 


Since the methods of synthesis of the quinones mentioned in the pre- 
vious paragraphs and tables are mainly standard procedures which had 
been described prior to the development of the vitamin K field, a complete 
review of these methods will not be given. The methods of synthesis of 
vitamin Ki have general application for the introduction of other sub- 
stituted allylic groups into the 3-position in 2-methy 1-1 ,4-naphthohydro- 
quinone and into the 2-position in 1 ,4-naphthohydroquinone (89). The 
method of Barbot (34) has been used by Femholz et ah (73) and by Karrer 
et al. (118) for the production of jS-substitu^ed tetralins. The ketones 
were reduced by the Clemmensen method, and the resulting hydrocarbons 
were dehydrogenated with sulfur to give the desired alkylnaphthalenes. 
The quinone was made by chromic acid oxidation. Karrer et al. (121) 
prepared 2-phytylnaphthalene by dehydration of the tertiary alcohol 
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obtained by the reaction between jS-naphthylethylmagnesium bromide 
and 2,r),10-trimethylpentadecanone-14. After the preparation of the 
dibromide, the compound was oxidized to a 1,4-naphthoquinone and de- 
brominated with zinc. In a second method naphthylacetylene was con- 
densed with the ketone and the triple bond was hydrogenated to give the 
same tertiary alcohol. Ficser prepared the oxido derivatives by treat- 
ment of the quinone with hydrogen peroxide (189). Ring-closure methods 
were used for the preparation of the tetralones (189). 4-Amino-2-methyl' 
1-naphthol was prepared by the reduction of the monoxime of 2-methyl- 
1 ,4-naphthoquinone. The esters, ethers, and hydrogenation products 
were obtained by the usual methods. The references given after each 
compound refer to its preparation and bioassay. 

X. Clinical Work with Antihemorrhagic Compounds 
A. physiological considerations 

Before passing to a brief discussion of the clinical use of vitamin K, 
it se(‘ms advisable to review certain physiological observations upon which 
the later clinical work was based. Since Wedelius (199) reported the first 
case of fatal cholcmic, bleeding in 1683, many investigations have been 
directed at the problem of the hemorrhagic tendency in obstructive 
jaundice. The various components of the clotting system were examined 
for abnormalities, but it was not until 1935 that Quick, Stanley-Brown, 
and Bancroft (158) devised a satisfactory method for the determination of 
prothrombin and showed that in obstructive jaundice the prothrombin 
concentration may be markedly reduced. In the same year, Hawkins and 
Whipple (103) found a hemorrhagic condition in dogs 3 to 4 months after 
an operation which established a complete biliary fistula. Besides the 
spontaneous bleeding, they noted a prolonged clotting time which they 
thought was due to prothrombin deficiency. Continuing the work, 
Hawkins and Brinkhous (102) in 1936 showed that the delayed clotting is 
due to a deficiency of prothrombin. 

At about the same time (1936), Greaves and Schmidt (100) found 
spontaneous bleeding and decreased coagulability in rats with bile fistulas. 
Oral administration of bile corrected the hemorrhagic condition. Later 
(1937) they (98, 101) showed that the condition of the rats having bile 
fistulas could be cured by vitamin K and bile, and that bile was important 
in the absorption of vitamin K. 

In the meantime, the study of vitamin K was progressing and Sch0n- 
heyder (167), one of Dam's associates, showed in 1936 that the hemorrhagic 
syndrome of chicks is due to a deficiency of prothrombin. In 1937 Greaves 
and Schmidt (101) showed that administration of vitamin K relieved the 
prothrombin deficiency in rats having bile fistulas and stated that, although 
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bile alone sufficed, it was effective because of its capacity to promote the 
absorption of vitamin K. 

At this time (1937) Quick (153) correlated the different observations in 
a short note and suggested that vitaAin K should prove useful in the 
hemorrhagic condition which frequently accompanies obstructive jaun- 
dice. In this clinical condition there is a deficiency of prothrombin, and 
in experimental animals such a deficicnciy can be corrected by the adminis- 
tration of the vitamin K and bile. Though Quick did not immediately 
test his hypothesis on patients, it was only a few months later that reports 
on the therapeutic use of vitamin K appeared almost simultaneously from 
three different groups of investigators: Warner, Brinkhous, and Smith 
(197) in January, 1938; Butt, Snell, and Osterberg (45) on February 2, 
1938; Dam and Glavind (60) on March 26, 1938. 

B. DETERMINATION OF PROTHROMBIN 

Since it has been found that the clotting time may be within normal 
limits when th(' concentration of prothrombin has been reduced to one- 
third of the nonnal value, it is obvious that the determination of jiro- 
thrombin (constitutes a more delicate index than gross clotting time of the 
danger of impain^d clotting. In obstructive jaundi(ce the clotting time 
may be normal whem the prothrombin value indicates a close approa('h to 
the hemorrhagic (condition. 

A discussion of the methods of determining prothrombin would take us 
too far afield; consequently the readfu* will be given only a briei statement 
on this point. Almost simultaneously. Quick, Stanley-Brown, and Ban- 
croft (158) and Warner, Brinkhous, and Smith (196) published mc^thods 
for the quantitative determination of prothi^mbin. These methods and 
modifications of them (2, 97, 108, 110, 114, 122, 124, 125, 151, 154, 175, 
202) have been used extensively in establishing the desirability oi vitamin 
K therapy in patients and in the control of the efficacy of the treatment. 

The methods are based on the time required for blood or plasma to 
pass from a fluid to a gel state under optimal conditions. This time bears 
an established relationship to the concentration of prothrombin. The gel 
is produced by the action of thrombin, an enzyme (?) which is formed from 
prothrombin, on fibrinogen. The fibrinogen is convertel to the insoluble 
fibrin. 


Prothrombin Thrombin 

thromboplastin 


I 


Fibrinogen 


Thrombin 


Fibrin 
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C. TREATMENT OF OBSTRUCTIVE JAUNDICE 

Following QuickCs suggestion as to the use of vitamin K in obstructive 
jaundice and the appearance of the three papers previously mentioned, 
several groups of workers added information on the therapeutic value of 
vitamin K. The importance of antihemorrhagic compounds in obstruc- 
tive jaundice seems to be thoroughly established (1, 24, 25, 42, 96, 109, 
113, 115, 128, 130, 148, 152, 159, 160, 166, 172, 173, 176, 177, 179, 192). 
It should be pointed out that impainnent of absorption in the intestine or 
severe damage to liver function (26, 39, 43, 44, 172, 200) may prevent a 
response to the administration of vitamin K; in the former case the diffi- 
culty can be overcome by the injection of the synthetic water-soluble 
antihemorrhagic compounds. 

In an experiment by Zuckerman et al. (203), conducted on a patient 
with a total biliary fistula, slight bleeding from gums occurred after 2 
weeks on a low fat, vitamin-K-free, and bile-free diet, and a week later 
bleeding from the tongue and vagina. A vitamin K concentrate was fed 
for 4 days without an effect on bleeding; feeding of the patient’s own bile 
for 5 days was without effect, but when the bile and vitamin K were ad- 
ministered together the prothrombin and clotting times approached normal 
values and bleeding ceased. 

In addition to impaired absorption of vitamin K, owing to the absence of 
bile from the intestine, certain intestinal conditions, — e.g., obstruction 
and severe diarrheal diseases, such as ulcerative colitis, sprue, and celiac 
disease, —may cause hypoprothrombinemia (47, 70, 112, 116). Intra- 
venous therapy with one of the simple water-soluble antihemorrhagic 
compounds should be effective. 

Although deficiency in vitamin K of dietary origin in the human should 
be rare on account of the widespread distribution of antihemorrhagic 
compounds, Kark and Lozner (114) have reported four cases of mild 
deficiency. The prothrombin values were slightly low before treatment, 
but after the administration of a vitamin K concentrate without added 
bile the values were restored to normal. 

D. HEMORRHAGIC DISEASE OF THE NEWBORN 

Another important therapeutic use of vitamin K merits consideration. 
In 1937, Brinklious, Smith, and Warner (41) found a low prothrombin 
value in the hemorrhagic disease of the newborn. This was confirmed by 
Waddell and his collaborators (193, 194), who reported two newborns 
with prothrombin times in excess of 6 min. Within 2 hr. after the ad- 
ministration of vitamin K, the values had fallen to less than 1 min. Since 
from 25 to 40 per cent of the mortality of the newborn is due to the hemor- 
rhagic syndrome, Waddell undertook the study of the effect of adminis- 
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tration of vitamin K to the mother before labor. This work has been 
extended by Heilman and Shettles (105), who have reported a comparison 
of values of the newborn with the values of the mothers and have shown 
that values of the newborn can be increased by medication of the prospec- 
tive mother with vitamin K. A number of additional contributions (40, 
104, 106, 123, 129, 131, 132, 140, 147, 150, 155, 156, 157, 165, 169, 191, 
195) have been made to the study of the hemorrhagic disease of the new- 
born. 
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I. Introduction 

The solubility of gases in liquids was one of the physical properties 
studied by the early chemists. Many well-known names appear in the 
literature, as Henry in 1803, Berthelot, Bunsen, Cariiis, and Roscoe in 
1855, Winkler in 1889, and other later workers. In general, the solubility 
of gases in liquids has been studied by investigators who have wished to 
have these particular bits of data in the investigation of the gas or, more 
infrequently, of the lifpiid or the solution. Few were interested in the ))hc- 
nomenon itself and in studying general behavior in the solubility of gases 
in liquids. The literature cited shows the names of a large number of 
workers, ^ — men who studied the solubility of all gases in a wide variety of 
liquids, men who used all types of apparatus and experimental conditions, 
and men who exercised various degrees of experimental techniciue in pro- 
ducing their data. The results vary from those of high precision to those 
little more than (jualitative. Many investigators neglected some of the im- 
portant factors in solubility or failed to record all the data. Most of the 
work has been done at random pressures near atmospheric, and the values 
corrected to 760 mm. by means of Henryks law; this is usually permissible. 
Many workers have failed to indicate whether the pressures was total or 
partial, thus introducing a large uncertainty. The data usually arc cal- 
culated to either the Bunsen or the Ostwald coefficient, and if the worker 
does not state which is used, the values diverge as the temperature in- 
creases from 0®C. 

Some attempts have been made to correlate gas solubility with the prop- 
erties of the liquid or the solution. Most of these arc entirely empirical 
and arc based on a few data secured by one investigator. 

It is the purpose of this paper to review the work done on the solubility 
of gases in liquids and to discuss the various factors of importance in this 
field of work. Solubilities at high pressures have not been included, be- 
cause of the special apparatus and technique used. The merits and limi- 
tations of the various experimental methods are described. The equa- 
tions proposed for correlating gas solubility with other variables have been 
collected and rewritten in a uniform system. All existing data on the 
solubility of gases in liquids have been tabulated, so that the user may 
know the range of temperature and pressure of the experiments and the 
relative precision of the data. It has not been possible in this leview to 
collate the data, but an indication is given of the probable precision of the 
results on the basis of method used, the completeness of the data, and the 
consistency of the results among themselves. 

II. Methods and Apparatus 

^ Many methods of procedure and kinds of apparatus have been used in 
the measurement of gas solubility. Most of these can be classed definitely 
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as either chemical or physical. Chemical methods depend on specific 
chemical properties of the gas, and thus can be used with only a limited 
number of gases. Physical methods usually depend on no such properties 
and are thus more general. When suitable chemical methods are avail- 
able, however, they are frequently more accurate and usually much 
quicker. 


A. PHYSICAL METHODS 

The physical methods used are quite varied. Most of them are satura- 
tion methods, in which the measurement is that of the quantity of the gas 
necessary to saturate a quantity of initially gas-free solvent. Some are 
lixtraction methods, in which the measurement is that of the volume of gas 
that can be extracted from a quantity of saturated solution. 

1 . Removal of gases from solvent 

In saturation methods, the liquid must be gas-free at the start. In 
extraction methods, the gas is all to be extracted. Hence, in either case, 
the complete removal of gas from a liquid is important. This is not an 
easy matter. In saturation methods the problem is not as difficult as in 
extraction methods, since loss of gas is permissible, loss of solvent usually 
is, and usually the solvent as obtained contains only atmospheric gases. 
The presence of traces of the atmospheric gases probably has little effect 
on the solubility of others, though there is no authority in the literature on 
this point. Buchanan (36) made quantitative measurements of the ex- 
traction of carbon dioxide from water and from aqueous salt solutions by 
boiling. He distilled solutions saturated with the gas, and tested por- 
tions of the distillate for carbon dioxide with barium hydroxide. He found 
that when the solvent was distilled water, the first eighth of the distillate 
contained nearly all the gas, the second eighth a trace, and the rest none. 
When the solution contained sulfates, he found it necessary to boil nearly 
to dryness to remove all of the carbon dioxide. If the sulfate were removed 
by the addition of barium chloride, the resulting solution gave up its gas 
about as readily as did distilled water. Leduc (176) found that even after 
boiling distilled water a long time, it gave up gas bubbles on freezing. 
Successive freezing in a vacuum did not free the water completely from 
gas. Metschl (207) made measurements of the gas liberated when a solu- 
tion saturated at several atmospheres pressure was shaken at 1 atmos- 
phere. Water and organic liquids were the solvents, and the gases 
included hydrogen, oxygen, nitrogen, and carbon dioxide. All of these 
except the latter were readily liberated, in amounts predicted by the 
solubility figures in the literature; hence equilibrium was evidently reached. 
In the case of carbon dioxide, however, the results indicated either that gas 



SOLUBILITY OF GABES IN LIQUIDS 


523 


was lost before measurement or that equilibrium was not reached by shak- 
ing. Porter (246) made statements about the difficulty of removing gas 
from water, but evidently these were due largely to misunderstanding of 
the solubility curves (see Sillitto (286)). Seyler (281) raised the tempera- 
ture of water samples containing oxygen, to see if the oxygen were lost. 
He concluded that, when the solution was not shaken, the gas stayed in 
solution in going 5 or 6 degrees above the equilibrium temperature, but 
that shaking established equilibrium. 

The usual method of preparing gas-free liquid for solubility measure- 
ments has been boiling, followed by cooling in a vaccum. Bunsen (37, 
38, 39, 40) used this method, and most others have followed him. Hibben 
(120) has applied vacuum sublimation to prepare gas-free liquid. 

Paunov (234) found that, under the influence of ultrasonic frequencies, 
the amounts of gas absorbed decrease by about 50 per cent. 

2. Saturation methods 

The general principle most frequently employed is the measurement of a 
volume of gas before it is brought in contact with a quantity of gas-free 
solvent, and its measurement again after equilibrium is established. The 
volume dissolved is found by difference. There are many different ar- 
rangements of the essential parts of the apparatus to achieve this end. 
Henry (118) used this method in 1803. The impure gases that he used 
and the limitations in material necessarily caused results of a very low 
degree of accuracy. Bunsen (37, 38, 39, 40) used an apparatus that he 
designed, which employed the same principle. His apparatus is shown in 
figure 1. 

The calibrated absorption tube e is fastened at the bottom to a small 
iron band b ; this screws into the small iron stand a. By this arrangement 
the open end of the tube can be screwed tight against a plate of rubber 
covering the lower surface of the stand. Thus the tube can be completely 
sealed. On each side of the stand are two steel springs c, which fit into 
two upright grooves in the wooden base, f, of the apparatus. When the 
tube and stand are in place, it is easy to open or close the absorption tube 
by giving it a turn to the right or left. The water jacket g is held firmly 
in place by the screws ii. The tube r is for the purpose of pouring in mer- 
cury and removing it, so that any desired pressure in the absorption bulb 
can be obtained by adjusting the mercury level in the water jacket. The 
temperature of the water can be read on the thermometer d. The water 
jacket is closed on top by a hinged lid. The piece of rubber s serves to 
hold the tube in place during the shaking necessary in the process of ab- 
sorption. 

The experiment is conducted in the following manner: A volume of the 
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gas to be examined is first collected in the tube over mercury, and its 
volume, temperature, and pressure are read. A measured volume of 
air-free water is introduced under the mercury into the tube, which is then 
sealed by being screwed tightly against the rubber plate. The tube is 



Fig. 1. Bunsen’s apparatus for the determination of the solubility of gases 

then placed in the water jacket, which contains some mercury at the 
bottom. The pressures within and without are equalized by turning the 
tube slightly. The tube is then sealed again by turning, and vigorously 
shaken. This agitation, with opening and closing of the tube, is repeated 
many times, until no further change of volume is perceptible. The ob- 
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servations necessary for the measurement and reduction of the residual 
gas are then made. 

Bunsen applied this method with considerable success to the measui*e- 
ment of the solubilities of the common gases, including hydrogen, oxygen, 
nitrogen, air, methane, carbon dioxide, ethylene, and ethane, in water. 
Carius (44) used Bunsen’s apparatus for the same gases in alcohol; Schick- 
endantz (207) used it for ethane in water; and Than (306) used it for pro- 
pylene in water. Khanikoff and Luginin (149) used an apparatus similar 
to Bunsen’s for the carbon dioxide-water system at pressures up to several 
atmospheres. Maclaurin (192) modified Bunsen’s method to avoid con- 
tact of the solution with mercury, for the measurement of the solubility of 
oxygen in potassium cyanide solutions. Ramsay and coworkers (250, 
251) used Bunsen’s method to determine the solubility of argon and of 
helium in water. Tower (314) used it with nitric oxide in sulfuric acid. 
Sander (266) used a modification of Bunsen’s method for the measurement 
of the solubility of carbon dioxide in water and in organic solvents at high 
pressures, up to 140 atmospheres. For the measurement of the solubility 
of a number of gases in cyclohexanol Cauquil (46) used a method which, 
from his description, appears to be similar to Bunsen’s. 

Ostwald (231a) introduced a method which proved to be much better 
than Bunsen’s and within a few years almost entirely displaced it. The 
fundamental difference was that the gas is measured in a buret connected 
to the absorption vessel, rather than in the absorption vessel itself. The 
buret and leveling tube are similar to those used in the Hempel gas analysis 
equipment. From one arm of a three-way stopcock a flexible capillary 
tube connects to an absorption bulb, similar to a gas-sampling bulb with 
three-way cocks at the ends. Ostwald usually used lead for the flexible 
capillary, though silver and platinum are mentioned. This asse.nibly of 
equipment is capable of almost infinite variation and refinement. McDan- 
iel (204) used the apparatus in substantially its original form; his apparatus 
is shown in figure 2. 

The essential parts are a gas buret. A, connected by a capillary tube, M, 
to an absorption pipet B, so that the entire apparatus is of glass. The 
buret and pipet are inclosed within water jackets, the temperature of each 
being regulated by electrically heated coils in the water. The whole 
apparatus is clamped solidly on a rigid frame, so that it can be taken in the 
hands and shaken to bring the gas into intimate contact with the liquid. 

In operation, the pipet B is filled completely with gas-free solvent. The 
source of gas is connected to the apparatus at T, and the gas is passed 
through a saturator H filled with the solvent. First, the stopcocks C and 
D are turned so that the capillary is filled with the gas, C is then closed 
arid D is opened to the buret A, which is filled with the gas; measurement 
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is made by adjusting the mercury leveling bulb F. The source of gas 
then is disconnected, D and C are adjusted to allow gas to flow into pipet 
B, stopcock G is opened, and a measured volume of solvent is withdrawn 
to give a gas volume in the pipet B. The mercury level in the buret is 
adjusted, stopcocks C and D are closed, and the entire toparatus is shaken 
to dissolve gas in the solvent. At intervals, additional ^ from the buret 



Fia. 2. Ostwald type of apparatus for the determination of the solubility of gases 

is added to the pipet to maintain the pressure as the gas dissolves. The 
original volume of the liquid in the pipet minus that withdrawn gives the 
volume of solvent in which gas is absorbed. To the volume of gas re- 
maining in the buret at equilibrium is added the volume of liquid with- 
drawn which is the new vapor space above the solution. From the volume 
of gas absorbed and the volume of solvent used, the solubility of the gas is 
calculated. 

While Bunsen's apparatus was ordinarily used in its original form, 
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Ostwald's seems rarely to have been. The chief variations have been the 
provision for agitation of the liquid and provision for a gas-liquid inter- 
face. Usually the gas buret has been stationary and the absorption flask 
has been shaken. This procedure necessitates a flexible joint between the 
two. McDaniel shook the whole apparatus (sec figure 2) as a unit. Stem 
(296) used a glass-capillary spiral to provide the flexible joint. Maxted 
and Moon (202), using an apparatus designed from that of Just (147), 
also used a glass spiral. In order to get more freedom from the joint, 
Steiner (295) used a platinum capillary, as did Timofeev (312). Secenov 
(279) and Estreicher (77) also used metal spirals. Curry and Hazleton 
(61) used a copper capillary. 

If an iron bob inclosed in glass is placed in the absorption vessel and 
moved by a magnet the connection between this vessel and the buret can 
be rigid. Akerlof (3), Antropoff (5), Cady, Elsey, and Berger (41), 
Cassuto (45), and Wright and Maass (344) have made use of this idea. 
Showalter and Ferguson (284) used the ground-glass joint of a stopcock 
to provide the flexible joint. 

Lunge (186) fastened the buret and absorption vessel together with a 
short stub of rubber tubing, thus providing a flexible joint. Others have 
used the same idea. Lannung (172) assembled both parts in one rigid 
piece and shook the whole assembly to agitate the liquid. His apparatus 
is shown in figure 3. Absorption bulb A is made to contain various vol- 
umes in different pieces of apparatus. The gas buret and manometer are 
combined in B C, behind which is a measuring scale read with a telescope. 
The buret is calibrated from mark a to mark h The entire apparatus is 
attached to an aluminum frame so that it can be shaken. The apparatus is 
evacuated at s and mercury admitted at 1 until the apparatus is filled as 
far as s, the manometer tube C and the movable reservoir g. To the 
ground joint s is attached an L-tube, the other end of which dips into the 
pure solvent; the solvent is drawn into A by letting mercury run out at 1 
until A is about half full. The L-tube is detached, and the solvent is de- 
aerated by suction at s and confined in such a way as not to be in contact 
with stopcocks. The entire apparatus is placed in an air theimostat and 
allowed to come to equilibrium. Buret B is filled with the gas through 
stopcock 4 and the volume measured when saturated with solvent vapor. 
The solvent surface is lowered from f by letting mercury out at 1. The 
entire apparatus is agitated until equilibrium i*? established, the volume in 
B is measured, and the solubility is calculated from the decrease in volume. 

In McDaniePs apparatus, the absorption vessel was filled with liquid 
at the start, and, to provide a suitable gas-liquid interface, liquid was 
drained from the bottom. The amount so drained was weighed, and thus 
tJhe corresponding volume of gas that replaced it was found. Steiner 
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(295), Timofeev (312), and Secenov (279) provided the gas-liquid inter- 
face in the same way. As an alternative, mercury may be placed in the 
bottom of the vessel, to be drained out and weighed in the same manner. 
Cady, Elsey, and Berger (41) and Lannung (172) used this idea. Lunge 



Fig. 3. Ostwald type of apparatus, as used by Lannung 

(186) connected the bottom of the vessel to a leveling bulb of mercury, 
which cotild be lowered to let mercury out of the vessel. After equilib- 
rium was reached, the bulb could be raised, filling the vessel again, and no 
correction was necessary for gas that replaced the liquid drained. Chris- 
toff (49) brought the liquid and gas in contact before measuring the gas 



SOLUBILITY OP GASES IN LIQUIDS 


529 


volume. He found that the rate of solution was such that no appreciable 
volume of gas was dissolved during the measurement. Estreicher (77) 
and Drucker and Moles (71) left a vacuum above the liquid when the vessel 
was filled, which volume was filled with gas from the buret after the gas 
was measured. Others have done the same. Manchot (197) used an 
absorption vessel with two compartments, one filled initially with gas, and 
the other, a smaller one placed above it, with liquid. After measurement 
of the gas volume, the liquid could be drained into the lower compartment, 
filHng it only part full and leaving considerable- gas above it. The upper 
compartment was filled with gas from the lower one during the draining. 
Markham and Kobe (201) used a similar apparatus, in which the liquid- 
gas interface could be made larger relative to the volume of solvent. 
Usher (320) filled the absorption vessel with gas before measurement, and 
let in a known amount of liquid later. In his measurements with solu- 
tions, he put the solid solute in the absorption vessel before filling it with 
gas, then introduced the gas and made the buret reading, and later intro- 
duced a known amount of solvent, effecting solution of the solid solute in 
the vessel itself. Such a procedure involved the assumption that the solid 
did not absorb the gas. Homfray (128), working on p-azoxyphenetole, 
put the solid crystals in contact with the gas, then observed the change in 
the volume of the gas when the crystals were melted and later heated to 
the anisotropic state. 

Some investigators have saturated the gas with liquid vapor before filling 
the buret, while others have kept the gas in the buret dry. Horiuchi 
(133) has discussed the relative merits of both methods. If the gas in 
the buret is saturated, the vapor pressure of the solvent is of little conse- 
quence. If the gas is dry, however, the vapor pressure must be known 
accurately, since all gas coming into the free space above the liquid in the 
absorption vessel picks up vapor, increasing its volume to an e.xtent de- 
termined by the vapor pressure. On the other hand, if the gas in the buret 
is saturated, any part of the apparatus that is not in the thermostat may 
collect condensed solvent if the thermostat is above room temperature. 
The capillary between the buret and the absorption vessel is usually out 
of the thermostat. Drops of liquid in this capillary would make the 
pressure adjustment in the buret uncertain. If the gas in the buret is 
dry, the temperature of the whole apparatus can be changed and thus a 
range of temperature can be covered with one filling. 

As ordinarily used, Ostwald’s apparatus has involved at least one 
mercury surface in contact with the gas, and sometimes in contact with 
the solvent as well. This feature is a serious handicap when dealing with 

£ stems that react with mercury. To avoid this difficulty, Wright and 
aass (344), wwking with hydrogen sulfide, used a modification in which 
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the volvune of gas remained constant, while the pressure varied and was 
measured with a manometer having a glass diaphragm. Bancroft and 
Belden (10) used a similar arrangement. 

Cady, Elsey, and Berger (41) stated that the violent shaking frequently 
used to effect equilibrium could cause pressures at the surfaces of the ab- 
sorption vessel far in excess of that measured by the manometer. Thus 
the solvent would be supersaturated with respect to the pressure read on 
the manometer, and the solubility results would be too high. To test 
this point, Morgan and Pyne (216) used an apparatus in which the gas 
was bubbled through the liquid repeatedly. They felt that no such 
supersaturation as Cady, Elsey, and Berger mention could result in their 
apparatus, and that, if they could check the solubility values found by 
others who had used the shaking method, the question of this supersatura- 
tion would be answered. The values obtained by Morgan and Pyne for 
the system carbon dioxide-water checked exactly the values found by the 
shaking method. Thus, in many instances at least, this method has 
caused no appreciable error. Hainsworth and Titus (107) also used a 
method in which the gas was bubbled repeatedly through the liquid. 
They approached equilibrium from both sides, getting the same values in 
each case. Thus they were certain that equilibrium had been established. 
Bancroft and Belden (10) found that 30 sec. of shaking established equi- 
librium in the hydrogen sulfide-aniline system, and that identical values 
were found when equilibrium was approached from either side. Rake- 
straw and Emmcl (249) found that when sea water was shaken with 
air and the solution was allowed to stand till bubbles were no longer 
visible, the nitrogen content was 2 per cent higher than the equilibrium 
value. 

In most methods of determining gas solubility, the average solubility 
throughout a volume of liquid is determined. The solubility may change 
with depth as a result of the hydrostatic head. Few experimenters have 
considered this point. Morgan and Richardson (218) determined the 
efifect of hydrostatic head on the solubility of oxygen in water and found 
it to have the same efifect as any other pressure. 

The change in the volume of the solution as a gas dissolves necessarily 
introduces a certain error. The error so introduced is probably less than 
other experimental errors in the case of the gases of small solubility. 
Markham and Kobe (201) showed that the solubility of carbon dioxide 
in aqueous solutions might be in error up to 0.1 per cent for this reason. 

Instead of measuring the gas volumetrically, gravimetric means may be 
used. The gas-free solution is weighed, then saturated with gas by bub- 
bling, and then weighed again, to give the solubility. The solvent carried 
away by the escaping gas can be caught and weighed, and correction 



SOLUBILITY OF OASES IN LIQUIDS 


631 


applied therefor. This method is limited to the more soluble gases. It 
has been used by Raoult (254) on the ammonia-water system, including 
aqueous salt solutions; by Prytz (247) on hydrogen sulfide and carbon 
dioxide in water; by Naumann (223) on cyanogen in water; by Baskerville 
and Cohen (11) on phosgene in organic solvents; and by others. 

3, Extraction methods 

These methods involve the extraction by some means of the gas contained 
in a quantity of saturated solution, and the measurement of the volume of 
gas so extracted. Thus the procedure of the saturation method is reversed. 
As mentioned earlier, the difficulty of complete extraction is of special 
interest here. 

These methods are, in general, useful for the analysis of naturally occur- 
ring solutions, such as sea water. They were first used in this way. Later 
they were applied by many to artificially saturated solutions. 

Reichardt (255) described an apparatus for boiling the gas out of water 
and collecting it for measurement. Tornoe (313) also described such an 
aj)paratus. Numerous others, — Dittmar (65), Hamberg (111), Petterson 
and Sonden (242), Clowes (53), Winkler (341), Weigert (331), James (142), 
and Ruppin (264), — have described apparatus designed for the same 
purpose. Buchanan (36) boiled aqueous carbon dioxide solutions, catching 
the distillate in barium hydroxide for analysis. The same idea has been 
applied to other systems (see the work of Calingaert and Huggins (42) 
on ammonia and water). 

Other investigators have extracted the gas from solution by evacuation; 
e.g., Bohr (25) pumped carbon dioxide from its solution in water. The 
apparatus of Van Slyke (324, 241a) is the best known for this type of 
measurement (figure 4). It is used principally to deteraiine the amount 
of gases dissolved in blood and blood fluids. The short pipet A contains 
50 cc. and has several graduations on it; o corresponds to 2 cc. The pipet 
is connected to the manometer and to the mercury leveling bulb. The 
sample of gas solution is introduced through stopcock b by a special pipet 
in such a way that the solution does not come in contact with the air. 
Then by lowering the leveling bulb the gas solution is evacuated, and the 
pipet is shaken for 2 or 3 min. to assist in liberating the gas. The liberated 
gas is compressed into the volume a and the pressure read on the manome- 
ter. An empirical correction is made for the gases redissolved during the 
compression. The gases collected can be analyzed for carbon dioxide or 
oxygen by introducing the appropriate absorbent solution through stop- 
cock b and determining the pressure after the particular component has 
jpeen removed. Objections can be raised to this method because of the 
question concerning the extraction of dissolved gases and the corrections 
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applied to the results. However, the data presented by the authors 
indicate that satisfactory results were obtained. The method of saturating 
blood was adopted from Austin, Cullen, and Hastings (8). Conant and 
Scott (55), Kubic (170), Hawkins and Shilling (114, 115) and others have 
used the Van Slyk(^ method. Orcutt and coworkers (230), in using it, 
applied a (‘orrection for the gas not extracted. Results have been ob- 



Fig. 4. Apparatus of Van Slyke 


tained by this method that check very well those obtained by saturation 
methods. Scotti-Foglicni (277) described an apparatus for the saturation 
of liquid with gas, to be followed by analysis. 

4. Miscellaneous methods 

The foregoing methods have been used far more than other physical 
methods. A few^ others have been used to a slight extent. 
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The solubility of the radioactive gases has been measured by electrical 
means, determining the concentration in the liquid phase and in an inert 
gas phase, usually air. The concentration of the gas under investigation 
is necessarily very small. Traubenberg (315), Hofmann (127), Kofler 
(160, 161) and others have applied this method to radium emanation, 
Klaus (155) and Boyle (28) have applied it to thorium emanation, and 
Hevesy (119) has applied it to actinium emanation. 

The solubility of a gas has sometimes been determined by the freezing- 
point lowering produced by the addition of the gas to saturation. This 
method is necessarily limited to one temperature for each solvent, and is 
uncertain because of the possibility of association or dissociation of the 
gas in the liquid phase. It is further limited to those systems which give 
a freezing-point lowering of sufficient magnitude. Prytz (247) applied 
this method to hydrogen sulfide and carbon dioxide in water. Garelli and 
Falciola (97) applied it to carbon dioxide, nitrous oxide, acetylene, and 
hydrogen sulfide in water and in several organic liquids. Their results 
checked values found in other ways. Garelli (96) and Garelli and Monath 
(98) also used this method. Falciola (79) reported that, if oxygen, 
methane, or several other gases were present, the freezing point might be 
raised by the addition of the above gases. 

Schwab and Bcrninger (275) used a special method for solubility measure- 
ments, based on the change in pressure in a bubble rising in a column of 
liquid. The results are not very accurate. 

B. CHEMICAL METHODS 

In the case of the less soluble gases, the solution has usually been satu- 
rated by bubbling the gas through at atmospheric pressure, after which 
the content of gas has been determined by suitable means. The total 
pressure was that of the atmosphere, and the solvent was assumed to have 
the same vapor pressure as in the pure state. Obviously, the very soluble 
gases like ammonia and the hydrogen halides affect the vapor pressure of 
the solvent and must be treated differently. Their vapor pressures have 
usually been measured by bubbling an inert gas through the solution, and 
absorbing the gas under investigation from the gas stream in some medium 
where its quantity can be determined. Very low vapor pressures can be 
found in this way. The introduction of inert gas probably affects the 
solubility of the very soluble gas but little. 

Schutzenberger (274), Mohr (213); Winkler (336), and Levy and Mar- 
boutin (178) developed chemical methods for the determination of oxygen 
in solution. That of Winkler, involving the oxidation by the oxygen of 
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manganous hydroxide, the reduction by iodide of the manganic hydroxide 
so produced, and the titration of the liberated iodine, has proved to be 

O2 + 4Mn++ + 4H+ 4Mn+++ + 2H2O 

2Mn+++ + 21- 2Mn++ + I2 

I2 *4“ 2Na2S203 ^8/28406 “f* 2NaI 

much the best. Tliis method has been of value both in the analysis of 
natural waters and in solubility measurements. Konig and Mutschler 
(1G4), Tiemann and Prcusse (311), Roscoe and Lunt (261), Clowes and 
Biggs (54), and Naylor (224) report the use of these methods, (^oste 
and Andrews (59) showed that Winkler^s method is not accurate in the 
presence of ammonium salts in quantity. 

The more soluble gases are usually acid or alkaline in nature, and fre- 
quently have an oxidizing or reducing character as well. Thus several 
methods for analysis are usually available. 

The oxidizing nature of chlorine has usually been the basis for its 
analysis. Roscoe (259), however, precipitated it as silver chloride. 

Lewis and Keyes (179) determined hydrogen cyanide by precipitating 
it as the silver salt. 

The alkaline character of ammonia and of the amines has been the basis 
for their analysis. Doijer (66), Perman (239, 240, 241), Locke and 
Forssall (183) and others have used this property in their vapor pressure or 
solubility measurements. Hydrogen chloride is naturally analyzed as an 
acid (see Shunke (273) and numerous others). Carbon dioxide has been 
determined in solution as an acid by Bohr (26) and by Kosakevich (168). 
Phosgene was determined by Atkinson and coworkers (7) by treatment 
with alkali in excess, and back-titration. Kremann and Honcl (169) 
determined acetylene by absorption in silver nitrate solution, followed by 
titration of the acid liberated. 

Sulfur dioxide has usually been determined by its oxidation with iodine, 
as was done by Fox (92). This is also true of hydrogen sulfide (Gold- 
schmidt and Larson (102)). Briner and Perrottet (31) found the solu- 
bility of ozone in w^ater by shaking the water with air containing ozone, 
and later analyzing each phase for ozone, using potassium iodide and 
thiosulfate. 

When inert gas is used to sweep the soluble gas from solution, in order 
to measure its partial pressure, there is some choice of the inert gas. Air 
was used by Doijer (66) and by Lofman (184). Gahl (95) used the gas 
produced by electrol3"sis of water for this purpose. The ease of regulating 
the flow of gas and the accuracy of its measurement have led to the fre- 
quent use of this method. Dolezalek (67), McLauchlan (205), and Gaus 
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(99) found the partial pressures of hydrogen chloride, hydrogen sulfide, 
and ammonia, respectively, using electrolytic gas. Stegmuller (294) 
used nitrogen for the same purpose in determining the partial pressure of 
hydrogen iodide. 

Frequent measurements have been made of the distribution of a volatile 
substance between two liquids. If the solubility of the gas in one of the 
liquids is known, the distribution data provide means of finding approxi- 
mately its solubility in the other liquid. Bell and Feild (16) determined 
the distribution ratio of ammonia between water and chloroform, and 
Smith (290) worked with amines distributed between xylene and water; 
other systems have been investigated. 

III. Solubility Relationships 

As may be expected in any field where many investigators have pub- 
lished, there exists a variety of ways in which these results have been 
expressed. Some are in common usage; others, which are seldom used, 
should be the ones in common usage. The investigators also have at- 
tempted to find some correlation between the properties of the liquid and 
the properties of the gas that will make it possible to predict the solubility 
of a gas in a given liquid from known properties or from a few solubility 
data. 


A. METHODS OF EXPRESSING SOLUBILITY 

1, Bunsen absorption coefficient j a 

This coefficient was proposed by Bunsen (39) and was defined by him 
as follows: “The volume of gas, reduced to 0° and 760 mm. pressure of 
mercury, which is absorbed by the unit volume of liquid under the pressure 
of 760 mm, is called the absorption-coefficient, or coefficient of absorp- 
tion.” Although not so stated in the definition, his calculations show 
that the pressure meant Ls always the partial pressure of the gas. Bunsen 
used the ideal gas laws to reduce the gas volume to standard conditions. 
As these laws are not exact, the coefficients found by different methods, 
i.e., physical and chemical, can be expected to differ. Thus Markham and 
Kobe (201) showed that in the case of carbon dioxide at 0®C., deviations of 
0.7 per cent were to be expected between the two methods. This deviation 
will increase as the behavior of the gas departs from the ideal gas laws. 

Many of the past workers have not controlled the total pressure carefully, 
so that the partial pressure of the gas has remained at 760 mm. Fre- 
quently the total pressure has been maintained at 760 mm. and the vapor 
pressure of the solvent has been neglected. Other workers have not used 
a partial gas pressure of 760 mm. but have corrected their actual results to 
ifhis pressure by the use of Henryks law. 
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If the solubility is calculated according to the Bunsen coefficient, except 
that the amount of solvent is 1 g., the result is known as the Kuenen 
coefficient. For solutions this has been extended by Markham and Kobe 
(201) to mean the \^olume of gas (in cubic centimeters) at a partial pressure 
of 760 mm., reduced to standard conditions, dissolved by the quantity of 
solution containing 1 g. of solvent; thus it is proportional to gas molality. 
It is designated by S, 

If the solubilit}^ is calculated as grams of gas dissolved per 100 cc. of 
solvent at the temperature of the experiment and a partial gas pressure of 
760 mm., the result is known as the Raoult absorption coefficient. 

2, Ostwald coefficient of solubility , L 

This coefficient was defined by Ostwald (231a) as ‘The ratio of the 
volume of the absorbed gas to that of the absorbing liquid. If these are 
Vi and F* , respectively, the solubility is L = Vi/Vs ” For the reaction 

Gas (in liquid phase) Gas (in gas phase) 

Cl C, 

the Ostwald coefficient of solubility can be written as 



which represents the ratio of the concentrations of gas in the liquid phase 
and in the gaseous phase. This is in reality an equilibrium constant, and 
the Ostwald coefficient is independent of the 'partial pressure of the gas as 
long as ideality may be assumed. However, the temperature and total 
pressure must be designated to fix the value of the coefficient. If the total 
pressure is maintained at 760 nmi., the volume of gas absorbed, reduced to 
0°C. and 760 mm. by the ideal gas law^s, per unit volume of liquid is fre- 
quently designated as jS, an absorption coefficient. 

As pointed out in discussing the Bunsen coefficient, early workers fre- 
quently did not distinguish between total pressure and partial gas pressure, 
or did not consider the vapor pressure of the solvent. Thus in many cases 
results reported as a really are /3. Likewise, the results found by physical 
and by chemical methods differ by the departure of the gas from the ideal 
gas laws. 


5. Henryks law constant 

Henry (118) stated his law as “. . . under equal circumstances of tempera- 
ture water takes up the same volume of condensed gas as of gas under 
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ordinary pressure.’' The modem presentation of this law for the ideal 
phases of a gas in equilibrium with a liquid is: 

Gas (in liquid phase) Gas (in gas phase) 

X I or Cl A%,P„orC, 


X, = K.Xi (2) 

P. = K^Xi (3) 

For a dilute solution of the gas: 

Pj, = K^Ci (4) 

Cg = KcCi (5) 


Thus it is seen that the Ostwald coefficient L, equation 1 is tlie reciprocal 
ofKc 

The Henry law constant, Kz, is a satisfactory though unwieldy method 
of expressing gas solubility and is the method used in the International 
Critical Tables (138a). It is noted that, the larger the value of ivi, the 
lower is the solubility. 

Henry’s law has been used by many investigators to (alculate their 
data from an experimental pressuie to a partial gas pre\ssure of 7G0 mm. 
Over the short range usually encountered, no error is introduced. How- 
ever, the w^orker must keep in mind that the equations given arc for 
ideal dilute solutions and should apply any necessary corrections. 

Interconversion of expressions for the solubility 
(a) From the Bunsen coefficient: 


jS = a 



( 6 ) 


As ^ is the solubility coefficient measured at a total pressure of 760 mm., 
a is decreased from its partial pressure of 760 mm. by applying Henry’s law. 


^ rJL 

^ “273 ^ 273 760 -P. 


(7) 


The Ostwald coefficient is calculated from a by correcting the gas volume 
to the temperature at which absorption was carried out. 


S = 


a 

p(l - m) 


( 8 ) 



538 


AARON E, MARKHAM AND KENNETH A. KOBE 


If the solubility is expressed per gram of solvent in a solution, the factor p 
(1 ~ w) gives the grams of solvent per cubic centimeter of solution. 

Ki = + 760 (9) 

aMg 

The units of Ki are those of pressure, expressed as millimeters of mercury. 
Only for the very soluble gases docs the constant term of 760 mm. alter 
appreciably the significant figures of the value for Ki calculated in the first 
term of the equation, and thus it usually is neglected. 


17033 

a 


( 10 ) 


The units of K 2 are (mm. Hg) (liters of solvent) /mole of gas (see 
equation 4). 

(h) From the Ostwald coefficient, L: 

j 273 

. , 273 760 - P. 

Kc = l/L 

(c) From the Henry law constant, Ki \ 

_ 17.033 X 10% 

“ (Xi - 760)M. 

The 760 mm. in the denominator may be neglected unless it is appreciable 
in comparison with Ki, that is, unless the number of moles of gas dis- 
solved appreciably affects the total moles of solution. 

6, Nomenclature 

It is desirable at this point to tabulate the nomenclature recommended 
for the expression of gas solubilities. The equations used here have been 
rewritten to conform as closely as possible to this system. 

A = work done in dissolving one mole of gas; 

Cg = concentration, as gram-moles per liter, of gas in the gas phase; 
Cl = concentration, as gram-moles per liter, of gas in the liquid phase; 
C» = concentration, as gram-moles per liter, of salt in the liquid 
phase; 

Ki == Henryks law constant (to fit equation 3) ; 

L = Ostwald coefficient (defined on page 536) ; 


( 11 ) 

( 12 ) 

(13) 

(14) 
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Mg == molecular weight of gas; 

M» = molecular weight of solvent; 

Pg = partial pressure of gas; 

P, = partial pressure of solvent; 

Pt == total pressure; 

R = gas constant; 

S = unit gas solubility (defined on page 536); 

T = temperature, degrees Kelvin; 

Tc = critical temperature of gas, degrees Kelvin; 

V I = volume of the gas in the liquid phase; 

F, = volume of the solvent; 

Xg = mole fraction of gas in the gas phase; 

X I = mole fraction of gas in the liquid phase. 

a, 6, c^k^n — arbitrary constants; 
d — differential operator; 
e = base of natural logarithms; 

In = natural logarithm; 
log = common logarithm ; 
rn = molality of salt; 
t — temperature, degrees Centigrade; 
u = decimal fraction of solute in solution. 

a = Bunsen coefficient (defined on page 535) ; 

^ = solubility coefficient (defined on page 536) ; 

7 = activity coefficient of the dissolved gas ; 

/j. = ionic strength of the salt; 
p = density of the solution. 

Where necessary for distinguishing between the property of a solution 
and that of the pure solvent, the property of the solvent has been given 
the zero subscript. 

B. VARIATION OF SOLUBILITY WITH PRESSURE 

Henry (118) was the first to show the variation of gas solubility with 
pressure. With crude apparatus and impure gases, he performed experi- 
ments the results of which he summarized as follows: “The results of at 
least fifty experiments, on carbonic acid, sulfuretted hydrogen gas, nitrous 
oxide, oxygenous and azotic gases, with the above apparatus, establish 
the following general law: that, under equal circumstances of tempera- 
ture, water takes up, in all cases, the same volume of condensed gas as of 
gas under ordinary pressure.^' Bunsen (39) used his method to confirm 
Henryks conclusions, using the carbon dioxide-water system. After this 
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confirmation of Henryks law by Bunsen, others performed experiments on 
other systems to test it. His law is accepted as the noi-mal behavior of 
gas -liquid systems to such an extent that frequently only the deviations 
from it are noted. 

The less soluble gast‘s have been found to satisfy the law well at moderate 
pressures. Thus Morgan and Richardson (218) found that at 25°C. the 
system ox 3 ^g(‘n- water satisfied Henry \s law in the pressure range 175 to 
760 mm. Kireciv and Romanchuk (151) found that hydrogen and methane 
in xylene, in ethylene (chloride, and in several petroleum fractions satisfied 
Henry’s law in the temperature range — 20°C. to +40°C. at pressures 
from 50 to 760 mm. Briner and Perrottet (31) experimented with ozone 
in water, finding Henry’s law to hold. The gas phase was air containing 
0.3 to 9 per cent ozone, Boyle (29) confirmed Henry’s law for solutions of 
radon in water and in several other solvents. The (ioneentrations Avere 
neccissarily very low, and air was present. Findlay and 8hen (86) found 
hydrogen in water to satisfy Henry’s law at 25*^0. over the pressure 
range 750 to 1400 mm. 

More data are available for gases of intermediate solubility, such as 
carbon dioxide. Roscoe (258, 259) tested Henry’s law^ in the case of the 
chlorine-water system, in which it apparently failed; however, he varied 
the pressuie by the addition of inert gas. Perman (238) worked with 
several gases in water, using an extraction method which gave only the 
relative pressures. He found that hydrogen sulfide, carbon dioxide, and 
chlorine satisfied Henry’s law. Findlay and coworkers (81, 82, 83, 84, 85, 
86, 87) tested Henry’s law as applied to carbon dioxide and nitrous oxide 
n water, and to carbon dioxide in aciueous solutions of alcohol and several 
electrolytes, at 25°C. The pressure range was 250 to 1400 mm. The 
results show that the law is satisfied exactly in this range. Buch (35) 
tested Henry’s law for the carbondioxide-water system from pressures of 1 
atmosphere to 1/20,000 of an atmosphere, and found it to hold. Khanikoff 
and Luginin (149) worked with carbon dioxide and water to test Henr^^’s 
law\ At the temperature they used (15®C.) the law failed, as they stated, 
at 4 atmospheres pressure. Actually, de\dations of 5 per cent appeared in 
their data at less than 2 atmospheres. Vukolov (328, 329) tested the law 
as applied to the solubilitj^ of carbon dioxide in chloroform and carbon 
disulfide. He found maximum deviations of 4.5 per cent in the pressure 
range 36 to 760 mm. Secenov (279) experimented with carbon dioxide 
and aqueous salt solutions. He concluded that at low pressures (about 
one-third of an atmosphere) all salt solutions follow Henry’s law. Few 
data were presented to justify this conclusion. Stern (296) found the 
solubility of carbon dioxide in se\^cral organic solvents at —78° and — 59°C. 
over the pressure range 50 U) 760 mm. Using Bunsen’s coefficient, he 
found that Henry’s law was not satisfied. However, at the temperatures 
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used the perfect gas law did not hold. When the results were expressed 
as Ostwald coefficients, the law held. Lewis and Keyes (179) found that 
the pressure of hydrogen cyanide over its aqueous solution was propor- 
tional to the molarity. Bancroft and Belden (10), working with hydrogen 
sulfide in aniline at 22°C. and at pressures up to 1200 mm., found Henry's 
law to hold. 

The very soluble gases usually have not satisfied Henry’s law, except at 
elevated temperatures or at very low concentrations. Sims (287) tested 
Henry’s law for two systems and found that in both cases it failed at 
lower temperatures, but that, as the temperature increased, the deviations 
became less until at 50®(^. the sulfur dioxide-water system satisfied the 
law, and at 100®C. the ammonia-water systc^m did also. Smith and 
Parkhurst (291 ) measured the solubility of sulfur dioxide in w^ater and in 
solutions of calcium and magnesium bisulfites, and found that Henry’s 
law was satisfied at pressures up to 800 mm. in the temperature range 5° 
to 60°C. Quite contradictory conclusions have been reached for the 
ammonia-water system. Gaus (99) found that ammonia in water and in 
salt solutions at 25°C. satisfied Henry’s law up to about 1 iionnal concen- 
tration with respect to ammonia (14 mm. pressure). Abegg and Reisen- 
feld (1) reached the same conclusions. Roscoe and Dittmar (260) found 
that Henry’s law failed when applied to the systems ammonia- water and 
hydrogen chloride-water. C/alingaert and Huggins (42) found that at 
100°C. the ammonia-water system deviated from Henry’s law even at 
low concentrations. They concluded that the deviations could be ex- 
plained by the electrolytic dissociation of the ammonia in solution (c/. 
MacDougall (190a)). Klarmann (154), however, verified Henry’s law 
for the same system at concentrations of 0.5 to 1/128 normal, at 0°C. 
Perman (238), who obtained only relative pressures, found that ammonia, 
hydrogen chloride, and sulfur dioxide in water did not satisfy Henry’s law 
at room temperatures. Doijer (66) tested Heniy’s law for the ammonia - 
water system at 60°C., in the pressure range 8 to 60 mm., and found it 
to hold. 

In cases where the gas reacts to a certain extent with salt in the solution, 
a modified form of Henry’s law sometimes holds. Thus Hufner (137) 
found that nitric oxide dissolved in ferrous salt solutions in acc'ordance 
with the equation 

a = a + 6P, (15) 

The pressure range 550 to 710 mm. was covered at 20°C., Ncuhausen and 
Patrick (225, 226) proposed the use of an adsorption equation for solu- 
bility 
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in which c is the surface tension and Po is the vapor pressure of the lique- 
fied gas. It satisfied their own data for the system ammonia-water, and 
those of others for hydrogen chloride, carbon dioxide, and sulfur dioxide 
in water and in alcohols. The equation does not apply to gases above 
the critical temperature. 

The work of Frolich and coworkers (94a) on the extension of Henry's 
law to high pressures is of importance in engineering calculations. 
The solubility of hydrogen, nitrogen, oxygen, and of methane and other 
hydrocarbons in water, alcohols, hydrocarbons, and heavier petroleum 
fractions was studied up to 200 atmospheres. They concluded that, 
when the gas does not form a chemical compound with the solvent, it 
follows Henry's law over a wide pressure range within the limits of error 
allowed in engineering calculations. The solubilities of these gases may 
be considered linear functions of the absolute pressure, the validity being 
dependent upon the extent to which the solute obeys the ideal gas law. 
However, the straight-line relationship still holds at high pressures, pro- 
vided corrections are applied for deviations from the ideal gas law. A 
practical rule is that the solubility of a gas of the vapor type is a linear 
function of pressure up to one-half to two-thirds of its saturation value at 
that temperature. 

C. VARIATION OF SOLUBILITY WITH TEMPERATURE 

Bunsen (37, 38, 39, 40) applied a purely empirical equation to the data 
that he found for the solubilities of a number of gases in water and alco- 
hol. The equation had the form 

a = a -f- 5^ “h (17) 

Numerous others applied similar formulae. Thus Carius (44), Than 
(306), and Timofeev (312) applied the same equation to their data. The 
constants are found by substituting experimental values at three tem- 
peratures into the equation. In most cases the solubility decreased with 
increase in temperature, although the solubility of hydrogen in water was 
constant. Winkler (336) added a term in to his equation. Henrich 
(1 17) used Bunsen's data to recalculate the constants, using the method of 
least sejuares. Wiedeman (333) showed that, while the values of a, 6, and 
c for the different gases in water were very different, the ratios h/a and c/o 
were nearly the same for all gases. The same was found for alcohol. 
Fox (93) and Whipple and Whipple (332) applied the same type of equa- 
tion to atmospheric gases in distilled water and sea water. The latter 
also added similar terms to include the chlorinity of sea water. These 
equations were all purely empirical and usually were applied over a rather 
limited range of temperature. 
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Bohr (24) proposed that at constant partial gas pressure the osmotic 
pressure of a dissolved gas is constant. Thus aT is constant. When he 
substituted values, however, he found that such was not the case, but that 

a{T - a) ^ k (18) 

He found a to be a constant which, for five diatomic gases (hydrogen, 
nitrogen; oxygen, carbon monoxide, nitric oxide) in water, was a linear 
function of the molecular weight. These relations seem to have been at 
first purely empirical. In a later article (25) he made an effort to estab- 
lish a theoretical basis for his first equation. He equated the rate of solu- 
tion of a gas at equilibrium to its rate of escape, and made measurements 
of each. He established an empirical relation for the rate of escape, which 
proved to give the equation that he sought. The empirical nature of his 
result, however, remained. Later Kofler (16J) showed that the same 
equation fitted his results for the solubility of radon in water, over the 
range 0° to 75°C. 

Kofler (162) stated that there is a connection between the critical tem- 
perature of a gas and its solubility in a given solvent. He plotted T/Te 
for a number of gases against a in water, and found that they fell on a 
smooth curv’e. 

Meyer (208) applied the equation 

S = b + (r^9 (19) 

to the solubility of various gase^ in various solvents. S can be replaced 
by either the Bunsen or the Ostwald coefficient, with corresponding values 
for the constants. However, the equation fits better if it refers to the 
amount of gas dissolved in a unit weight of solvent. ^ is a measure of the 
temperature, on a scale such that for a given solvent there are 100 degrees 
between the melting point and the boiling point. In the case of water it is 
the Centigrade scale. Meyer found a to be nearly the same for all gases 
and all solvents. For the system radon-water, the equation fits the 
results very well. 

Jager (139), from kinetic considerations, deri</ed the equation 

L = (20) 

Empirically he found that 

A « a (1 + (1 ~ cm (21) 

Using values from the literature for several gases in water, he calculated 
the values of the constants, and found that the equation was satisfied 
within 2 or 3 per cent. The coastant c proved to be nearly constant for 
all gases, and equal to the temperature coefficient of the capillarity con- 
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stant of water. Szoparowicz (302) applied Jager’s formula as well as 
that of Meyer (208) to his data for the solubility of radon in water, which 
he had carried up to 100°(^, and found that both formulae were satisfied. 
Jager’s ecpiation also satisfied his data for radon in benzene. 

The (dapeyron equation has been used as a basis for the derivation of 
several equations relating gas solubility and temperature. If the heat of 
solution of the gas in the liquid is constant, and is not a function of tem- 
perature over the interval usc^d. the Clapeyron equation gives: 



Gas solubility also may be expressed as Ki, a or S in this equation. Graph- 
ically log L is a linear function of l/T. This equation more frequently 
has been expressed in the exponential form: 

A 

L = ae ^ (23) 

Both Tammann (304) and Lannung (172) have used it in this form, which 
may be compared with the eejuation of Jager (equation 20). Lannung, 
using his data for the rare gases, found that log L was a linear function of 
1 /T for the organic solvents used but not for water. TIhu'c was an ap- 
proximately linear relationship between A and log a. Using the data of 
Markham and Kobe (201) for the solubility of carbon dioxide in aqueous 
salt solutions from 0 to 40°C., a maximum deviation of 3 per cent existed 
for water at 25°C. The salt solutions all showed smaller deviations, 
ranging dowm to 0.85 per cent for 3 molal magnesium nitrate solution. 

If the heat of solution of the gas in the liquid is a function of the tem- 
perature, then an equation of the form of the reaction isochor results, 
which may be shortcuied to the form used by Valentiner (322) : 

log L = + 6 log r + c (24) 

This equation fits the solubility data for the inert gases in water. 

The general rule is that the solubility of a gas in water decreases with 
increasing temperature. However, the Bunsen absorption coefficient for 
hydrogen reaches a minimum at 60®C. with no further change to 100°C.; 
for nitrogen the minimum is at 90°C., and for helium it is at 30°C. with a 
marked increase up to 100®C. If, instead of the Bunsen coefficient, the 
Ostwald coefficient of solubility is used, the minima in the curves come at 
much lower temperatures and other gases show increasing values of L 
with rise in temperature. With heliiun the minimum is below 0°C. At 
pressures up to 1000 atmospheres this minimum in the solubility isobar 
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becomes quite apparent; it has been studied by Wiebe, Gaddy, and co- 
workers (332a). Above 200 atmospheres partial pressure, carbon dioxide 
shows an increase in the absorption coefficient in water. In non-aqueous 
solvents an increase in solubility with rise in temperature is a common 
phenomenon. Lannung, Horiuchi, and others have shown the increased 
solubility with rise in temperature of the relatively insoluble gases. The 
effect is usually small at atmospheric pressure but may become quite 
large at higher pressures, as indicated by the sevenfold increase in the 
solubility of hydrogen from 0® to 100®C. in liquid ammonia at 1000 at* 
mospheres (332a). 

With the Ostwald coefficient for a relatively slightly soluble gas, the 
concentrations of the gas in the Ikpiid and the gaseous phases should 
approa(*h the same value as the solvent approaches the critical tempera- 
ture, or L approatdies 1 . Thus, all such gases should show a lainimum in 
the solubility isobar at some definite temperature, from below 0°C. for 
helium to higher temperatures for other gases. Horiuchi took the critical 
temperature of the solvent (Tj^) into consideration and found, by plotting 
log L against T^jT that the solubility lines for a particular gas in a num- 
ber of solvents fall closer together. However, it may be concluded that 
the minimum in the solubility isobar is not a peculiar property of the gas 
or of the solvent, but is a phenomenon of the mixture and may be pre- 
dictable from known properties of mixtures. 

D. VARIATION OF SOLUBILITY WITH CONCENTRATION 

The effect of the addition of another solute on gas solubiliiy has fre- 
quently been investigated, and several formulae have been proposed to 
express this effect. In the following discussion ^^solute^^ will refer to the 
soluble substance whose concentration is the indci>endent variable. 

Raoul t (254) found that, when ammonia dissolved in water and aqueous 
salt solutions, the gas solubility was a linear function of the solute concen- 
tration. This is the simplest relation that could be desired. Hufner 
(136), who worked with hydrogen and nitrogen in aqueous solutions of 
organic compounds, also found a linear relationship. He further found 
that, in comparing some compounds with each other, the solubility lower- 
ing was proportional to the molar concentration, the proportionality factor 
being the same for different solutes. In the case of other compounds, how- 
ever, he found that the lowering produced was proportional to the weight 
of solute per volume of solution. His experimental results were not very 
good, but seem to confirm the above relation fairly well. Hudson (135) 
found that the solubility of sulfur dioxide in aqueous potassium chloride 
solutions bore a linear relationship to the salt concentration. Such was 
not the case when sodium sulfate was the solute, however. Konovalov 



546 


AARON E. MARKHAM AND KENNETH A. KOBE 


(165) found that the pressure of ammonia dissolved in aqueous solutions 
of copper and silver salts satisfied the formula 

Pa - PaaiCo ^ aCs) (25) 

in which C is the ammonia concentration and o is 2 for silver and 4 for 
copper. For other salt solutions, he found (166) that (Po Pq^/C^ 
increased as C, increased. Abegg and Reisenfeld (1) found that the effect 
of salt on the pressure of ammonia was linear with the salt concentration, 
but that the solubility w^as not linear with salt concentration. Their 
results thus did not agree with those of Konovalov. 

Secenov (278, 279) introduced an equation that has been used fre- 
quently. He stated the hypothesis: ‘Tf equal quantities of the same salt 
are added to equal volumes of different aqueous solutions, the percentage 
reduction in solubility will be the same in both.” This hypothesis was 
poorly supported by one experiment. If it is accepted, however, there 
results his equation : 

a = aoe"*®* (26) 

Another equation frequently found in the literature is referred to as 
Jahn's equation (140), but appears to have been published first by Gordon 
(104). It is 

ao - a = kC\ (27) 

The two-thirds power brings in some surface relation. Gordon^s data 
were not very good and did not satisfy the equation very well. 

From thermodynamic considerations Roth (262) derived the relation 
that the molecular concentrations of gas in pure water and in dilute solu- 
tions of inert substances, at the same temperature and partial pressure, 
are the same. Nitrous oxide in aqueous solutions of urea, oxalic acid, 
and glycerol satisfied his theory fairly well. Solutions of sodium chlo- 
ride and phosphoric acid did not, however, but did satisfy Jahn^s equation. 
The glycerol solution did not satisfy Jahn's equation, since the reduction 
in a was nearly proportional to the solute concentration, 

Steiner (295) used his data on hydrogen in aqueous salt solutions to 
test Secenov^s equation, and found that it did not hold well. Rothmund 
(263) showed that, from Secenov^s equation 

log^ = log^fcC. (28) 

a L 


and in dilute solution. 




( 29 ) 
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Tdmniajiii (304), from roltitioiis that he found empirically, arrived at 
Secenov’s formula. Akcrlof (3) found the values of k in Secenov s formula 
for helium and argon in aqueous salt solutions, but had insufficient data to 
make any verification. Kiss, Lajtai, and Thuiy^ (152), who worked with 
carbon dioxide and hydrogen sulfide in aqueous solutions of organic sub- 
stances, found that neither Secenov's nor Jahn’s equation was satisfac- 
tory. Calvet (43) made an effort to justify Secenov's formula from ex- 
perimental data on the mobility of molecules in a solvent. 

The data of Markham and Kobe (201) on carbon dioxide and nitrous 
oxide in water and in numerous aqueous salt solutions, over a wide range 
of concentration, satisfied none of these equations. They proposed the 
equation 


S 

So 


am + 


1 

1 + bm 


(30) 


This equation fits their data within the experimental error of 0.2 per cent. 
They showed further (201a), from data on sulfuric acid and perchlonc 
acid solutions, that the equation held through a minimum in the solubility 
curve. However, the agreement does not extend to the maximum in the 
curve. This equation is that of a hyperbola, with a vertical asymptote 
at m = — 1 the other asymptote having a slope of Soa (figure 5). Most 
solubility curves are in the region of this equation in which the slope is 
negative, before the minimum is reached. 

Braun (30) determined the solubility of nitrogen and of hydrogen in 
aqueous solutions. He was satisfied with Rothes formula for solutions of 
urea and propionic acid, although in 10 per cent urea solutions there were 
deviations from the formula of as much as 10 per cent. For sodium and 
barium chlorides he used Jahn^s equation, in which the maximum devia- 
tion was about 2 per cent. Levi (177) experimented with solutions of 
potassium iodide and urea in methanol, and reported that Jahn's formula 
held, while Rothes also held for the urea solution. Locke and Forssall 
(183) used Jahn's formula in their determination of the amount of am- 
monia in the copper ammonia complex in solution. Knopp (157) used his 
data on hydrogen and nitrous oxide in aqueous salt solutions to test Jahn’s 
formula as well as Roth's. Neither was satisfactory. His values, how- 
ever, satisfied another formula derived by Jahn (140), namely: 

Iog^ = C.(l-/)(a+/6) (31) 

in which / is the degree of dissociation as found by conductivity, and Ci 
ajid Czj are the molecular concentrations of gas in solution and in pure 
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water, respectively. If a is small and / is nearly constant, then the above 
formula reduces to 

Cl 

log TT == C,k (32) 

bio 

This formula was not satisfactory. 

Usher (320) worked with carbon dioxide and aqueous solutions of non- 
electrolytes. He claimed a high degree of accuracy for his data, which 
probably were much more of a test of the formulae than most that had 



Fig. 5. Solubility isotherm for equation 30. Constants from carbon dioxide in 
aqueous sulfuric acid. 


been used. Ho felt that the formulae of Jahn and Roth were of little value, 
since he showed that frequently the deviation from theory is greater than 
the (iffeet to be explained. 

Philip (243) made two suggestions intended to bring into better agree- 
ment- the solubility of gases in solutions: first, that all solubilities be ex- 
pressed on a liasis of 1000 g. of solvent, i.e., water in an aqueous solution, 
rather than on a volume of solution; and second, that the loss of solvent to 
solvate the solute accounts for the reduction in gas solubility when the 
weight basis is used. MacArthur (190) used his data on oxygen solubility 
to find the degree of hydration of a number of salts and of sucrose. The 
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values that he found were consistent with those found by other methods. 
Manchot (198), from data on the solubility of nitrous oxide and acetylene, 
calculated the degree of hydration of a number of salts. The two gases 
gave similar results. Gaus (99) found an apparent connection between the 
atomic volume of the cation of a salt and the effect of the salt on the par- 
tial pressure of ammonia. Usher (320) abandoned the hydration hy- 
pothesis to account for the change in solubility in solutions of non-electro- 
lytes, since in several cases the solubility was increased by the addition of 
solute. Perman (239, 240, 241) found that the addition of urea to an 
aqueous ammonia solution caused little change in the pressure of ammonia, 
while mannitol and several salts caused somewhat more change. 

Jones, Lap worth, and Lingford (145) used the Duhem equation to ex- 
press their results on the partial pressure of hydrogen chloride over water- 
alcohol solutions. Intennediate empirical equations enabled them to 
effect the integration, giving the result 

log Pg ^ a\ogy + hy + cf + k (33) 

in which y is the moles of hydrogen chloride per mole of alcohol. They 
expressed the constants as functions of the water content of the solution 
in a purely empirical way. 

Randall and Failey (253), using examples from the literature, found that 
plots of (log y)/y against y/]x gave straight lines. In most instances these 
lines were horizontal. Markham and Kobe (201) confirmed this relation 
for their data on the solubility of carbon dioxide and nitrous oxide in 
aqueous salt solutions. They further showed, from differentiation of 
equation 30, that 

‘-5^ = 6 - o (34) 

m 

at low concentrations, in agreement with Randall and Failey. 

E. GENERAL RELATIONSHIPS 

1. Additive effect of ions 

Steiner (295) found that, in dilute solutions of several strong electro- 
lytes, the reduction in the solubility of hydrogen was an additive function 
of the ion concentrations. Van Slyke and Sendroy (326) found the same 
result for carbon dioxide and hydrogen in aqueous solutions of alkali 
chlorides, lactates, and phosphates. Markham and Kobe (201) found a 
similar result for the solubility of carbon dioxide in aqueous solutions of 
the chlorides and nitrates of sodium and potassium, in concentrations up 
^o 1 molal. 
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2, Specific effect of solute 

Rothmund (263), Euler (78), and McLauchlan (205) arranged numerous 
salts in the order of the percentage lowering of the solubility that they 
produced, and all found the same order. The '^gases^' used were phenyl- 
thiourea, ethyl acetate, and hydrogen sulfide, respectively. Reisenfeld 
(256) found that the equivalent solubility lowering of all salts (as they 
affected ammonia) was the same, barring specific chemical action. This 
question of chemical action has come up repeatedly. Secenov (279) 
stated that all salts take an active part in the absorption of carbon diox- 
ide. Others have tried to distinguish between the chemical and the physi- 
cal effects of solutes on the solubility of a gas. Rothmund (263) in this 
connection found that (Lo — L)fLo was independent of temperature, and 
from this relation and the Clapeyron equation showed that the heat of 
solution of phenylthiourea in water and in salt solution was the same, 
indicating the absence of chemical reaction. Bell (15), from his data on 
the solubility of hydrogen sulfide, ammonia, and hydrogen chloride in a 
number of solvents, believed that the solubility depended on individual 
properties of the solvent molecule. 

Drucker and Moles (71) plotted several properties of the solution against 
the composition of aqueous glycerol solutions. The properties were: heat 
of solution, coefficient of expansion, surface tension, specific heat, and the 
solubility of nitrogen and hydrogen. These properties deviated from the 
straight line that would result in the case of perfect solutions. The point 
of maximum deviation of the properties fell at the same composition, ex- 
cept in the case of solubilities. From the fact that these fell at different 
points, Drucker and Moles concluded that solubility depends on the 
chemical properties of the solvent, rather than on physical properties. 

Skirrow (289) found the solubility of carbon monoxide in several mix- 
tures of organic solvents. In several cases the solubility was an additive 
function of the solvent concentrations, but usually it was not. Some solu- 
tions showed a minimum in the surface tension-composition curve and a 
maximum in the solubility curve at nearly the same concentration. Chris- 
toff (49) found the same result in the solubility of carbon dioxide in several 
solutions. 


3, Effect of surface tension 

Christoff (50) measured the solubility of several gases in ether, which has 
an extremely low surface tension, to show that some relation existed be- 
tween the two. Gases proved to be more soluble in ether than in other 
solvents with which comparison was made. Uhlig (318) considered the 
energy change in transferring a gas molecule from the gas phase into the 
liquid against the force of surface tension, and derived the equation 
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InL = 


— 4irr*(r + E 
KT 


(36) 


in which r is the molecular radius of the gas, E is the interaction energy, 
a is the surface tension of the solution, and K is Boitzmann^s constant. 
E and r, found from solubility data, checked the same quantities found by 
other means. Eley (75), in the first of a series of articles, proposed the 
mechanism of cavity formation, after which the gas molecule enters the 
cavity. At the tcmpciature of maximum density, the energy and entropy 
of cavity foimation are zero, but increase with increase in temperature. 

Sisskind and Kasarnovskii (288) measuied the solubility of argon in 
various organic solvents, including several homologous series. Tables 
were given of the solubility of the gas, the molecular volume of the liquid, 
the surface tension, the dipole moment, and the polarizability of the sol- 
vents. The solubility, the surface tension, and the molecular volume were 
in substantially the same order. 


4. Effect of viscosity 

Winkler (339, 342) proposed an equation relating solubility to viscosity. 
Elsewhere this equation is credited to Than. This equation can also be 
considered as a relation between solubility and temperature, since the 
viscosity change with temperature is the variable. The equation Is 

ai — a2 _ Zi — Z 2 

ai Zi k 

in which Z is the viscosity and the subscripts refer to values at two tem- 
peratures. For five fixed diatomic gases in watt^r, K proved to be nearly 
equal to the cube root of 54, three times the molecular weight of water. 
The data that Winkler gave showed remarkable agreement with the equa- 
tion. Thorpe and Rodgers (309) stated that Winkler’s conclusions, must 
be changed to: ‘‘For the same gas, the decrease in solubility (not per- 
centage decrease) is proportional to the corresponding decrease in viscos- 
ity; and further, for any gas, the factor of proportionality is greater for a 
greater molecular weight, but no simple relation exists.” 

Winkler stated that with the increase of the volume of the solvent with 
temperature, the coefficient should increase, but that the decrease in the 
viscosity should cause a tendency for the coefficient to decrease. The 
result should be a minimum in the temperature-solubility cur\''e. Such 
a minimum has been observed in several cases, as well as a positive tem- 
perature coefficient of solubility in others. 

5. Homologous compounds 

Just (147) arranged a number of organic solvents in the order of their 
a^)ility to dissolve each of several gases, and found the order to be nearly 
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the same for all the gases that he used. When so arranged, the compounds 
of (\ach series having a common reactive group fell in the order of their 
molecular w(3ights, with the solubility decreasing as the molecular weight 
increased. He found the solubility ratios of two gases in the same liquid 
to be of the same order of magnitude for all liquids. Horiuchi (130, 131, 
132, 133) found this to be true only for low-boiling gases. McDaniel (204) 
found that the solubilities of three gaseous hydrocarbons increased in the 
same order in the liquids with which he experimented. Sander (266) 
found that in homologs the solubility of carbon dioxide decreased with 
increasing molecular weight. Korosy (167) found that different gases in 
one solvent fit approximately a formula equivalent to 

a + bTc (37) 

a and h being constants of the solvent, and b nearly the same for all solvents. 
Markham and Kob(i (201) used Duhring lines to express the solubility of 
carbon dioxide and nitrous oxide in various aqueous salt solutions. They 
showed that, for any salt, if the concentration at which the gas solubility 
was the same as for a certain concentration of a reference salt was plotted 
against the concentration of the reference salt, a straight line resulted 
(figure 6). Deviations, though greater than experimental error, were still 
not over several per cent. 

6. Effect of the compressibility of the liquid 

Ritzel (257) related gas solubility to the compressibility of the liquid. 
He derived the relation: 


i ^ (38) 

in which 5 is the coefficient of dilatation, and B is the compressibility of 
the liquid. Accepting Angstrom’s (4) conclusion that the ratio of the 
coefficients of dilatation for two gases in one liquid is independent of the 
liquid, it follows that the ratio of the solubility of two gases in one liquid 
is nearly the same for all liquids, as Just found. Kofler (162) arranged a 
number of salts in the order of their ability to decrease the solubility of 
phenylthiourea in water, and found nearly the same ratio as that of their 
ability to decrease compressibility. He plotted various properties of 
aqueous sulfuric acid solutions against concentration, — e.g., viscosity, 
compressibility, volume contraction on mixing, conductivity, and the 
solubility of nitrogen and hydrogen. The curves of solubility and com- 
pressibility were similar. Horiuchi (134) found a relationship between 
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partial molal volume, the solubility of a gas, and the compressibility of a 
liquid. It was satisfactory for hydrogen in carbon tetrachloride, but not 
for other systems in which comparison was made. 



MOLALITY OF SALT 

Fig. 6. Duhring lines of equal gas solubility, using sodium chloride solution as 
the reference solution. 


7. Relationships from RaoulV slaw 

Dolezalek (68) derived relationships of solubility based on Raoult^s 
law. From his expression 


Xi lOOOp 

1 ~ Xl CgM, 


(39) 


he calculated solubility in several organic liquids, and checked Just's 
d^ta within 5 to 20 per cent. This relation, in the case of gases the solu- 
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bility of which is small, readily reduces to Just\s conclusion that the ratio 
of the solubilities of two gases in the same liquid is independent of the 
liquid. In the case of nitrogen and carbon monoxide, Dolezalek verified 
Just in this respect. This pair is the only satisfactory one that Just found 
for this comparison, and these gases are isoelectronic. Stem (297) used 
Just\s data for the verification of Dolezalek^s equation, and showed that, if 
association of the liquid were used to explain discrepancies, as Dolezalek 
suggested, then unreasonable degrees of association were found. Schulze 
(272) teste^d Dolezalek’s theory, using values from the literature for the 
solubility of radon in organic liquids. The curves of solubility that he 
found thus were of the same general form as the experimental curves, but 
far off in values. 

8. Effect of the internal pressure of the liquid 

Euler (78) suggested that the decrease in gas solubility caused by a 
solute was due to the increase in internal pressure in the solution. He used 
the equivalent contraction accompanying solution as a measure of the 
internal pressure increase, and found that, in the case of the salts that he 
used, the lowering of the solubility of ethyl acetate was in the same order 
as the equivalent contraction. 

Geffcken (100) mentioned the possible relation between gas solubility 
and the internal pressures of gas and liquid. Hildebrand (121) calcu- 
lated the theoretical solubilities of several gases, based on Raoult's law, 
and compared the values with those found in the literature for a number of 
solvents. He stated that deviations from the value predicated by Raoult's 
law were large or small depending on the difference in the internal pres- 
sures of the gas and liquid, except in the case of highly polar pairs. Taylor 
and Hildebrand (305) used experimental data of their own on chlorine in 
several solvents in proceeding with the same idea. Kunerth (171) ques- 
tioned the value of this theory, but, within the limitations proposed by 
Hildebrand himself, the data support the theory. Hildebrand (122, 123) 
restated his theory and its limitations as follows: “Raoult^s law will be 
obeyed by any liquid mixture in which the internal forces of attraction 
and repulsion do not change with changing composition of mixture. 
When this condition holds the solubility of a gas may be calculated ap- 
proximately from its saturation pressure, and the solubility of a solid 
from its melting point and heat of fusion. The above condition can exist 
only (a) when the components in the pure liquid phase have the same in- 
ternal pressures; (b) when the different molecules are relatively sym- 
metrical or non-polar; (c) when the tendency to form compounds is absent. 
Differences in either internal pressure or polarity alone produce approx- 
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imately proportional positive deviations from Raoult's law and decreased 
solubilities. . . 

Hamai (109, 110) found that his data on the solubility of hydrogen 
chloride in several organic halogen compounds did not correlate with their 
internal pressures or polarity, but varied in the same order as their total 
bond energy. 


9, Miscellaneous 

Homfray (128) found the solubility of carbon dioxide in p-azoxyphene- 
tole in both the liquid crystal and the anisotropic stal es, and showed that 
the state of the solvent had considerable effect on the solubility. 

Sackur (265) used gas solul)ility data to find the osmotic pressure of 
the gas in the liquid phase, and found that the results so calculated agreed 
with the experimental within a few per cent. 

Bell (14) found that for the solubility of gases a linear relation existed 
between the energy and the entropy of solution of different solutes in the 
same solvent. 


IV. Solubility Data 

In this section reference is made to all available data for a particular 
gas, giving the solvent employed, the range of temperature and pressure, 
and the reference to the original literature. An effort has been made to 
indicate the probable reliability of the data, on the basis of the method 
employed, the completeness of the data, and the consistency of the results 
among themselves. Comparison among the various workers in general 
has not attempted. Numbers ranging from 4 to 1 arc found in the column 
headed ‘'Value'^ in which a value of 4 indicates data in which considerable 
reliance can be placed, although comparison of these values as given by 
different experimenters reveals discrepancies in some cases. The smaller 
values indicate less reliable data; number 1 indicates data which are little 
more than qualitative. 
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TABLE 1 
Solubility data 


QAB 

80LVBN1' 

PRESSURE 

TEMPER- 

ATURE 

VALUE 

BETBB- 

BNCES 




“C. 



A. Inert tjases 






1 Helium 

Water 

Atm. 

2 30 

4 

(41) 



Atm 

26-75 

4 

(382a) 



Atm 

25 

4 

(3) 



Atm 

16-37 

4 

(172) 



1 to 6 atm 

38 

4 

(116) 



Atm. 

0 50 

3 

(6) 



Atm. 

0-60 

2 

(77) 



Atm. 

18 

1 

(261) 




0-45 

1 

(321,323) 


Methanol 

Atm 

15 37 

4 

(172) 


Cyelohexanol 

Atm 

26 37 

4 

(172) 


Benzene, cvclohexane 

Atm 

15-37 i 

4 

(172) 


Acetone 

Atm 

15 25 

4 

(172) 


Blood 

Aqueous solutions 

1 to fi atm. 

38 

4 

(115) 


Solute KCl, NaCI. LiCl. 

Atm. 

25 

4 

(3) 


Lil, NaNOi, HCiOi 





2 Neon 

Water 

Atm 

15-37 

4 

(172) 



Atm. 

0-60 

3 

(6) 



Atm. 

0-45 

1 

(321,323) 


Methanol 

Atm 

16-37 

4 

(172) 


Cyelohexanol 

Atm 

26-37 

4 

(172) 



Atm. 

25 

4 

(46) 


Benzene, cyclohexane 

Atm. 

16-37 

4 

(172) 


Acetone 

Atm 

16-26 

4 

(172) 

3 Argon 

Water 

Atm. 

25 

4 

(3) 



Atm. 

15-37 

4 

(172) 



Atm. 

0-60 

3 

(6) 



Atm. 

0 60 

2 

(77) 

j 


Atm. 

12 

1 

(260) 


Sea water 

Atm. 

2 25 

2 

(249) 


Methanol 

Atm. 

16-37 

4 

(172) 


Cyelohexanol 

Atm. 

26 37 

4 

(172) 



Atm. ! 

26 

4 

(46) 


Benzene, C 3 'cIohexane, acetone 

Atm 

15-37 

4 

(172) 


Chloroform 


Room 

2 

(167) 


Poraflfin oil 

Aqueous solutions* 


32 


(222) 


Solute. KCl, NaCl, LiCl, 

Atm. 

25 

4 

(3) 


NaNOi, ClaCh, SrCh, 
BaCl:, MgCls, AlCl* 

. .. 




4 Krypton 

Water 

Atm. 

0-60 

3 

(5) 



Atm. 

Room 

3 

(180) 


Methanol 

Atm. 

Room 

3 

(180) 


Ethanol 

Atm. 

Room 

3 

(180) 




Room 

2 

(167) 


Amyl alcohol 

Atm. 

Room 

3 

(180) 


Glycerol 

Atm. 

Room 

3 

(180) 




Room 

2 

(167) 


Cyelohexanol | 


Room 

2 

(167) 


Acetic acid j 


Room 

2 

(167) 
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GAB 

SOLVENT 

PBBBSURE 

TEMPXB- 

ATURS 

VALUE 

REFER- 

ENCES 




"C. 



A Inert gasee — Con- 






tinned: 






4 Krypton 

Butyl acetate, butyl phthalate. 


Room 

2 

(167) 


tncresyl phosphate, acetone, 
tetralin, bromoform 






Benzene 

Atm. 

Room 

3 

(180) 


Toluene, xylene 


Room 

2 

(167) 


Petroleum fractions 

Atii). 


3 

(180) 


Chloroform, carbon tetrachlo- 


R >om; 0 

» 

(167) 


ride 

Calcium chloride solution 


Room 

2 

(167) 


(aqueous) 





5. Xenon 

Water 

Atm. 

0-60 

3 

(6) 

B. Elementary gates 

- 





6 Hydrogen. 

Water 

750 to 1400 mm. 

25 

4 

(86) 



Atm. 

25 

4 

(71) 



Atm. 

0 60 

4 

(339) 



Atm. 

0 100 

4 

(337) 



Atm. 

0-20 

3 

(312) 



Atm. 

20 

3 

(167) 



Atm. 

20-25 

S 

(147) 



Atm. 

15 

3 

(221) 



700 mm. 

20 

3 

(136) 



Atm. 

20 

3 

(49) 



Atm. 

25 

3 

(100) 



Atm. 

5 26 

3 

(30) 



Atm 

0 20 

2 

(37, 38, 






39,40) 



Atm. 

20 25 

2 

(207) 



Atm. 

25 

2 

(212) 



Atm. 

20 

2 

(185) 



Atm. 

16-80 

2 

(275) 



Atm. 

11-19 

2 

(296) 



900 to 8200 mm. 

20-26 

2 

(45) 


Methanol 

Atm. 

20 25 

3 

(147) 


Ethanol 

Atm 

0-50 

4 

(202) 



Atm. 

2(1 25 

3 

(147) 



Atm 

0 20 

3 

(312) 



Atm. 

20 

3 

(49) 



Atm. 

0 25 

2 

(44) 



Atm. 

0-20 

2 

(40, 117) 


Propyl alcohol 

Atm, 

1 25 

3 

(147) 


Amyl alcohol 

Atm. 

20-26 

3 

(147) 


Cyclohexanol 

Atm. 

25 

4 

(46) 


Acetic acid 

Atm. 

20-75 

4 

(202) 



Atm. 

20-25 

3 

(147) 


Methyl acetate 

Atm. 

-80-+40 

4 

(133) 


Ethyl acetate 

Atm. 

0-40 

4 

(202) 



Atm. 

20-26 

3 

(147) 


Isobutyl acetate, amyl acetate 

Atm. 

20 25 

3 

(147) 


Benzene 

Atm 

10-40 

4 

(202) 



Atm. 

7-63 

4 

(133) 



Atm. 

20-25 

3 

(147) 

1 

Toluene, xylene 

Atm. 

20-25 

3 

(147) 
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OAB 

SOLVENT 

PRESSURE 

TEMPER- 

ATURE 

VALUE 

REPBR- 

BNCES 




•c. 



B EUmerUary gtuea 






— Continued: 






7. Nitrogen 

Blood, blood fluids 

1 to 6 atm. 

38 

4 

(114) 



Atm. 

23 

4 

(55) 



Atm. 

37 5 

4 

(106) 


Liquid oxygen 


-190 

1 

(78) 


Liquid sulfur dioxide 

100 to 700 mm. 

-60—20 

2 

(69) 


Sulfuric acid 

Aqueous solutions. 

Atm. 

20 

2 

(49) 


Solute* 






NaCl, NasCOi 

Atm. 

38 

4 

(325) 


HsS04 

Atm. 

Room 

3 

(271 


Urea, propionic acid, 

Atm. 

5-25 

3 

(80) 


BaCl,. NaCl 

Glycerol, isobutyric acid 

Atm. 

25 

3 

(71) 


Glycerol, chloral hydrate 

Atm. 

15 

3 

(112) 


Sucrose, dextrose, glycerol. 

Atm. 

15 

3 

(221) 


chloral hydrate 

Urea, arabinose, glycocoll. 

700 mm. 

20 

3 

(136) 


acetamide, dextrose, lev- 
ulose, alanine 






Acidified sodium sulfate 

Atm. 

25 

4 

(158) 


solution 






Dyes 

Non-aqueous solutions* 


14.5 

2 

(331) 


Methanol solutions of urea. 




(177) 


KI 

i 





8* Oxygen. 

Water 

175 to 760 mm. 

25 

4 

(218) 



Atm. 

25 

4 

(216) 



Atm. 

0-60 

4 

(339) 



Atm. 

0-100 

4 

(338) 



650 to 800 mm. 

0-50 

4 

(93) 



Atm. 

25 

3 

(100) 



Atm. 

20 

3 

(49) 



Atm. 

0-20 

3 

(65) 



Atm. 

15 

3 

(221) 


1 


0-14 

3 

(242) 



Atm. 

6-12 

3 

(312) 



Partial pressure in 

0-30 

3 

(332) 



norma) air 






Partial pressure in 

0 30 

3 

(335) 



norma) air 






Partial pressure in 

25 

3 

(190) 



normal air 

900 to 8200 mm. 

20-25 

2 

(45) 



Atm. 

0'25 

2 

(37, 38, 






89,40) 



Atm. 

20 

2 

(185) 



Atm. 

18 

2 

(192) 



Atm. 

20-25 

2 

(207) 



Atm. 

15>80 

2 

(275) 



Atm. 

5-25 

1 

(281) 




0-100 


(70) 






(47) 


Sea water 


0-28 

3 

(98) 
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QAB 

SOLVKNT 

PRXSaURB 

TBMPBR- 

ATUBBl 

VAHJB 

RXPXR> 

BNOXB 




•c. 



B. Elementary gaeee 






— Continued: 






8. Oxygen 

Sea water 

Partial pressure in 

0-30 

3 

(332) 



normal air 

2 35 

From 

(2) 





litera* 

turo 



Ethanol 

Atm 

6-23 

3 

(312) 



Atm. 

20 

3 

(49) 



Atm. 

20-25 

2 

(207) 



Atm. 

0-25 

2 

(40) 



Atm. 

0 25 

2 

(44) 


Cyclohexanol 

Atm. 

25 

4 

(46) 


Methyl acetate 

Atm. 

-SO +40 

4 

(133) 


Benzene 

Atm 

10 60 

4 

(133) 



Atm 

25 

4 

(217) 


Carbon tetrachloride 

Atm. 

0-60 

4 

(133) 



Atm. 

20-25 

2 

(207) 


Acetone 

Atm. 

-8{>-+40 

4 j 

(133) 



Atm 

20-25 

2 

(207) 


Diethyl ether 

Atm. 

-80-+20 

4 

(133) 



Atm. 

0-15 

4 

(50) 


Chlorobenzene 

Atm. 

-40-+80 

4 

(188) 


Petroleum fractions 

Atm. 

20 

3 

(49) 



Atm. 

2-25 

2 

(170) 



Atm. 

10-20 

2 

(101) 



Atm. 

20 


(194) 


Sulfuric acid 

Atm 

20 

3 

(49) 


Cottonseed oil, corn oil, lard 


23-45 


(327) 


Blood 

Partial pressure in 

30 

1 

(138) 



normal air 





Liquid sulfur dioxide 

Aqueous solutions. 

100 to 700 mm 

-60—20 

2 

(69) 


Solute: 






Sucrose, dextrose, glycerol, 

Atm. 

15 

3 

(221) 


chloral hydrate 

Ethanol 

Atm 

20 

2 

(117) 


H*S04 

Atm. 

Room 

2 

(27) 


HCl, HNOi, HjSOi, NaCl, 

Atm. 

15-25 

3 

(100) 


K*804. KOH, NaOH 
Sucrose. LiCl. NaCl, KCl, 

Partial pressure in 

25 

3 

(190) 


RbCl, CsCl, NaBr, KBr, 
KI, KNOs, NasS04. 
KsS 04, MgCls, CaCk, 
BaCk 

normal air 





NH 4 CI 

Partial pressure in 

1 25 

1 

(190) 



normal air 






Atm. 

25 

3 

(59) 


KCN 

Atm. 

18 

2 

(192) 


Acidified sodium sulfate so- 

Atm. 

25 

4 

(158) 


lution 






Gas-main condensate 


0-100 


(70) 

9. Ozone . 

Water 

About 2 to 70 mm. 

0-60 

3 

(31) 




0-60 

1 

(193) 

-J 

Carbon tetrachloride 

About 70 mm. 

-12-0 

3 

(32) 
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1 

OA0 

1 

SOLVENT 

PRESSURE 

TEMPER- 

ATURE 

VALUE 

REFER- 

ENCES 




•c. 



B. Elementary gaeee 






— Continued : 






0. Ozone. . . 

Carbon tetrachloride, chloro- 
form, acetic acid 

Aqueous solutions 

About 50 mm. 

15-18 

3 

(8») 


Solute 






NaCl 

About 2 to 70 mm. 

0-60 


(31) 


HjS04 


0-20 

2 

(188) 

10. Chlorine 

Water 

Atm. 

20 

4 

(206) 




12 

2 

(20) 



Atm. 

0-40 

2 

(38. 30) 




15 

2 

(144) 



100 to 380 mm. 

13-38 

2 

(258.259) 



Relative pressures 

11 

1 

(215) 


Acetic acid 


15 

2 

(144) 


Heptane 

Atm. 

0-40 

4 

(805) 


Carbon tetrachloride 

Atm. 

0-40 

4 

(305) 



Atm. 

10 

3 

(276) 



2.5 to 10 mm. 

0 

3 

(141) 




15 

2 

(144) 


Ethylene dibromide 

Atm. 

0-40 

4 

(305) 


Silicon tetrachloride 

Aqueous solutions 

Atm. 

0-40 

4 

(805) 


Solute 






> cetic acid 


15 

2 

(144) 


HCl 

Atm. 

25 

4 

(283) 



Atm. 

20 

4 

(206) 



Atm. 

-5-H5 

2 

(103) 




12 

2 

(20) 



Atm. 

20 


(228) 


HtS04 

Atm. 

25 

4 

(288) 


NaCl 

Atm. 

25 

4 

(288) 




10-90 

2 

(129) 



Atm. 

15 

2 

(183) 



Atm. 

-3-+30 

2 

(103) 


KCl 

Atm. 

25 

4 

(283) 



Atm. 

-3-+35 

2 

(103) 


CaCh, MnCU, MgCli 


12 

2 

(20) 


BaClj 

Atm. 

25 

4 

(288) 


SrCls. CaCIs, MgCh. FeCU. 

Atm. 

-5-4-85 

2 

(108) 


CoClj, MnCli, NiCIf, 
CdCIi, LiCl 






KNOa, NaNOi, Ca(NOi)*. 


25 


(153) 


Mg(NO»)t, Kj 804, 
NaiS04. MgS04 





11. Air 

Water 

Atm 

22-24 

3 

(248) 



Atm. 

20 

8 

(49) 



Atm. 

0-100 

3 

(340) 




0-20 

8 

i (65) 



Atm. 

20-25 

2 

(207) 



Atm. 

0-25 

2 

(37. 88. 






89.40) 


Sea water 


-5-435 

3 

(65) 


Blood fluids 

Atm. 

20 

3 

(324) 
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QAB 

aOLVSNT 

PBKSStrRS 

TBMPliR- 

ATUBB 

VALUB 

BBTBB- 

BNCBS 





•c. 



B. Elemmtary gaaea 






—Continued: 






11 Air 

Ethanol, petroleum fractions. 

Atm. 

20 

3 

(40) 


HsS04 






Cottonseed, herring, cod-hver. 

Atm. 

20-60 


(268) 


maixe. linseed, olive, and 






mineral oils 





C. Compound ga»e». 






12. Methane 

Water 

Atm. 

0-100 

4 

(MO) 



Atm. 

20 

3 

(40) 



Atm. 

0-26 

2 

(37. 38, 






30.40) 



Atm. 

20 


(M) 


Methanol 

Atm. 

20-50 

4 

(204) 


Ethanol 

Atm. 

20-40 

4 

(ao4) 



Atm. 

20 

3 

(«) 



Atm. 

0-25 

2 

(40) 



Atm. 

0-26 

2 

(44) 


2-Propanol (“laopropanol”) 

Atm. 

20-60 

4 

(204) 


Amyl alcohol 

Atm. 

20-30 

4 

(204) 





1 

(04) 


Cyolohexanol 

Atm. 

25 

4 

(46) 


Isopentane 

2200 to 7000 mm 

30 

2 

(245) 


Benzene 

Atm. 

10-60 

4 

(133) 



Atm. 

20-50 

4 

(207) 


Toluene 

Atm. 

25-00 

4 

(204) 


m-Xylene 

Atm, 

20-60 

4 

(204) 


Hexane 

Atm. 

20-40 

4 

(204) 


Pinene 

Atm. 

20-55 

4 

(204) 


Diethyl ether 

Atm. 

0-15 

4 

(60) 



Atm. 

-80-b20 

4 

(183) 



Atm. 

20 


(00) 


Acetone, methyl acetate 

Atm. 

-8O-+40 

4 

(133) 


Carbon tetrachloride ! 

Atm. 

25 

4 

(134) 



Atm. 

-20-+60 

4 

(183) 


Sulfuric acid 

Atm. 

20 

3 

(40) 


Chlorobenzene 

Atm. 

-40-+100 

4 

(133) 


Petroleum fractions 

Atm. 

20 

8 

(49) 



Atm. 

10-20 

2 

(101) 



5100 to 6300 mm. 

30 

2 

(245) 



Atm. 

20 


(00) 


Acidified aqueous sodium sul- 

Atm. 

25 

4 

(158) 


fate solution 





13. Ethane 

Water 

Atm. 

0-100 

4 

(840) 



Atm. 

0-20 

2 

(267) 



Atm. 

0-25 

2 

(87. 88. 






80.40) 





1 

(270) 


Cyolohexanol 

Atm. 

25 

4 

(46) 


Benzene 

Atm. 

0-50 

4 

(181, 188) 


Chlorobenzene 

Atm. 

0-80 

4 

(181, 183) 


Carbon tetrachloride 

Atm. 

0-40 

4 

(181, 188) 


Acidified aqueous sodium sul- 

Atm. 

25 

4 

(158) 


fate solution 
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GAB 

BOLVUNT 

PRESBUBE 

TBMPEH- 

ATUBB 

VALUE 

BEFER- 

ENOEB 




"C. 



C Compound gaae^^ 






Continued: 

1 





14. Propane 

Cyclohexanol 

Atm. 

25 

4 

(46) 


Ethanol, ether, benzene, chlo~ 

Atm 

Room 

1 

(176) 


roform, essence of tereben- 
thme 





15. Butane 

Water 

Atm. 

0-25 

2 

(37, 38, 






39.40) 

16. Ethylene 

Water 

Atm. 

25 

4 

(230) 



550 to 1000 mm. 

25-37 5 

4 

(105) 



Atm 

15-80 

3 

(275) 



Atm. 

15 

2 

(23) 



Atm. 

0-25 

2 

(37. 38. 






39,40) 





1 

(17) 






(227) 


Ethanol 

Atm. 

0-25 

2 

(40) 



Atm 

0-25 

2 

(44) 





1 

(317) 





1 

(17) 


Cyclohexanol 

Atm 

25 

4 

(46) 


Acetone 



1 

(817) 


Benzene 

Atm. 

10-50 

4 

(131, 133) 



Atm 

20-60 

4 

(204) 


Xylene 

60 to 750 mm. 

-21-1-40 


(160) 


Carbon tetrachloride 

Atm. 

0-40 

4 

(131, 133) 


Chlorobenzene 

Atm. 

0-90 

4 

(131, 133) 


Petroleum fractions 

Atm. 

10-20 

2 

(101) 



50 to 750 mm. 

-21-+40 


(150) 


Blood fluids 

550 to 1000 mm. 

26-37 5 

4 

(105) 






(227) 


Aqueous solutions* 






Solute* 






KOH, NaOH, NH«OH 

Atm. 

15 

2 

(23) 


Acidified sodium sulfate 

Atm. 

25 

4 

(168) 

17. Propylene . 

Water 

Atm. 

0-20 

2 

(306) 





1 

(17) 


Ethanol 



1 

(17) 


Xylene, iietroleum fractions 

50 to 750 mm. 

-21-h40 


(160) 

18. Cyclopropane 

Vegetable, animal, and min- 




(231) 


eral oils 





19. Isobutylene. 

Xylene, petroleum fractions 

50 to 750 mm 

-21-4-40 


(160) 

20. Acetylene 

Water 

Atm. 

25 

4 

(198) 



Atm. 

37.5 

4 

(106) 



Atm. 

15 

3 

(28) 




25 

3 

(169) 




12-20 

1 2 

(220) 



Atm. 

16-80 

2 

(276) 

i 



0 


(97) 


Ethanol 



1 

(317) 




18 

1 

(18) 



50 to 700 mm. 

0 


(161) 
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GAB 

BOLTSKT 

PBaSSUBlI 

TaMPKB- 

VALUB 

BBPXB- 




ATURB 

BNCBS 




•c. 



C. Compound gaseo-— 






Continued: 






20. Acetylene . 

Amyl alcohol 


18 

1 

(18) 


Cydohexanol 

Atm. 

25 

4 

(46) 


Anilme 


-6 


(96) 


Dimethylaniline 


2 


(M) 


Cyclohexane 


6 


(96) 


Nitrobenzene 


5 


(96) 


Benzene 

Atm. 

10-i5 

4 

(183) 




18 

1 

(18) 




5.5 


(97) 


Acetaldehyde, propionalde> 

Atm. 

-10 

2 

(142) 


hyde. butyraldehyde, meth- 
ylal, acetal, methyl formate, 
ethyl formate, isoamyl for- 
mate, methyl acetate, ethyl 
acetate, isoamyl acetate, eth- 
yl mustard oil, acetoaoetone, 
ethylidene cyanohydrin, 
methyl propyl ketone 






Carbon tetrachloride 

Atm. 

0-40 

4 

(133) 




18 

1 

(18) 


Chlorobenzene 

Atm. 

10-45 

4 

(133) 


Formic acid 


7 


(97) 


Acetic acid 


15 


(97) 


Bromoform 


7 


(97) 


Acetophenone 


16 


(97) 


Acetone 


25 

3 

(109) 





1 

(817) 



Atm. 

15-60 

1 

(52) 



1.3 atm. 

-80 

1 

(61) 




-20-+40 


(210) 


Ethylene dichloride 

SO to 760 mm. 

0 


(151) 


Pentane, carbon disulfide, 


18 

1 

(18) 


chloroform, styrolene 
Petroleum fractions 


0 

2 

(220) 



50 to 700 mm. 

0 


(151) 


Stannic chloride 


30 


(98) 


Blood fluids 

Aqueous solutions. 

Atm. 

37.5 

4 

(105) 


Solute: 






Acetone 


25 

3 

(109) 


NaCl 


0 

2 

(220) 


NH 4 CI, KCl, NaCl, 

Atm. 

25 

4 

(198) 


MgCls, CaCh. BaClt, 
AlCU, FeCU, NH 4 Br, 
NaBr. KBr, NaNO«, 
KNOi, Mg(NO«)*. 
Ca(NO.)t. Zn(NOi)i, 
Al(NO«)i, (NH4)«S04. 
NaaS04, KtS04, Mg804. 
ZnB04, MnS04, N 18 O 4 . 
CoS04,FeS04. A1 s( 804)». 
Cr(804)i, Fei(S04)« 



1 



Ba(OH)*, Ca(OH)*, 

Atm. 

15 

3 

(23) 

1 

NH 4 OH, NaOH. KOH, 
NaiSOi, KsS04 






Acidified sodium sulfate 

Atm. 

25 

4 

(158) 


solution 
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GAS 

SOLVENT 

PRESSUBE 

TEMPER- 

ATURE 

VALUE 

REFER- 

ENCES 




•c. 



C. Compound gases — 






Continued; 






21 Dimethyl 






ether 

Acetone, methyl acetate 

230 to 1000 rom. 

25 

4 

(133) 


Benzene 

60 to 1000 mm. 

25 

4 

(183) 


Carbon tetrachloride 

100 to 1000 mm. 

26 

4 

(133) 


C/hlorobenzene 

10 to 1000 mm. 

25 

4 

(133) 


Olive and sesame oils 


17*-37 

3 

(209) 

22. Methyl chlo- 






ride 

Acetone, methyl acetate 

230 to 1000 mm. 

25 

4 

(133) 


Benzene 

90 to 1000 mm. 

25 

4 

(133) 


Carbon tetrachloride 

100 to 1000 mm. 

25 

4 

(133) 


Chlorobenzene 

10 to 1000 mm. 

25 

4 

(133) 


Olive and sesame oils 


17-37 

3 

^209) 


Chloroform 

200 to 900 mm. 

26 

4 

(133) 

23. Chloro- 






ethylene 

Ethanol, ethylene dichloride. 

60 to 760 mm. 

0 


(161) 


petroleum fractions 





24. Fluoroethane 

Water 


14 

2 

(214) 


Ethanol, ethyl bromide, di- 



1 

(214) 


ethyl ether 





25. Fliioro- 






ethylene 

Ethanol, acetone 


20 

1 

(301) 

26 Carbon mon- 






oxide. 

Water 

Atm. 

0-100 

4 

(340) 



Atm. 

0-60 

4 

(339) 



Atm. 

20-25 

3 

(147) 



Atm. 

20 

3 

(49) 



Atm. 

0-25 

2 

(37, 38, 






39,40) 



900 to 8200 mm. 

20-25 

2 

(45) 



Atm. 

20 

2 

(186) 


Methanol 

Atm. 

25 

3 

(289) 



Atm. 

20-25 

3 

(147) 


Ethanol 

Atm. 

20-25 

3 

(147) 



Atm. 

20 

3 

(49) 



Atm. 

25 

3 

(289) 



Atm. 

0-25 

2 

(44) 



Atm. 

0-25 

2 

(40) 


Glycerol 

Atm. 

25 

3 

(289) 


Amyl alcohol 

Atm. 

20-25 

3 

(147) 


Cyclohexanol 

Atm. 

25 

4 

(46) 


Acetic acid 

Atm. 

25 

3 

(280) 


, 

Atm. 

20-25 

3 

(147) 


Methyl acetate 

Atm. 

~80-+40 

4 

(138) 


Ethyl acetate, isobutyl acetate, 

Atm. 

20-26 

3 

(147) 


amyl acetate 






Benzene 

Atm. 

10-60 

4 

(188) 



Atm. 

25 

3 

(280) 



Atm. 

20-25 

3 

(147) 


Toluene, xylene 

Atm. 

20-25 

3 

(147) 


Chlorobenzene 

Atm. 

-40-+80 

4 

(188) 
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C Compound gasea — 

Conidnued: 

26. Carbon mon- 
oxide . . Carbon tetrachloride 
Chloroform 

Ethylene diohloride 
Diethyl ether 


3 (147) 

3 (269) 


Carbon dieul&de 


3 (147) 

3 (280) 


Nitrobenzene 


Aniline 

Petroleum fractions 


3 (147) 

3 (147) 


Sulfuric acid 
Blood 

Aqueous solutions. 

Solute 

Alcohol 

Acidified sodium sulfate 
Cuprous ammonium car- 
bonate 

Cuprous ammonium car- 
bonate and formate 
Non-aqueous solutions * 

In benzene: phenanthrene, 
nitrobenzene, a-naphthol, 
^-naphthol, ethanol 
In toluene: naphthalene, 
phenanthrene, aniline, a- 
naphthol, acetic acid 
In acetone: phenanthrene, 
aniline, nitrobenzene, fi- 
naphtbol 

In acetic acid : nitrobenzene, 
aniline, chloroform, ben- 


Atm. 

1 to 70 mm 


Atm. 

Atm. 

150 to 2500 mm. 
12 to 370 mm. 


2 (185) 
4 (158) 
4 (107) 


27. Carbon di- 
oxide. 


In acetone* chloroform, car- 
bon disulfide 

In methanol: glycerol, chlo- 
roform 

In carbon disulfide: ethylene 
dichloride 


Atm. 

750 to 1400 mm. 
250 to 1000 mm. 
750 to 1400 mm. 
Atm. 

750 to 1400 mm. 
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GAB 

BOLVBMT 

PRBSBURi: 

TBMPBR- 

aturb 

VALXJ® 

BBFBR- 

BNOBB 




•c. 



C. Compound gtueti — 






Continued: 






27. Carbon di- 






oxide 

Water 

260 to 760 mm. 

25 

4 

(87) 



Atm. 

0-26 

4 

(182) 



Atm. 

25 

4 

(169) 



Atm. 

18-36 

4 

(171) 



Atm 

25 

4 

(210) 



60 to 800 mm. 

0-26 

4 

(215) 



Atm 

25 

4 

(230) 



Atm. 

0 

4 

(247) 



Atm. 

15 

4 

(284) 



Atm. 

20 

4 

(820) 



Atm. 

0-40 

4 

(201) 



Atm. 

25 

4 

(61) 



Atm. 

38 

4 

(326) 



Atm. 

15 

3 

(112) 



Atm. 

25 

3 

(100) 



Atm. 

15 

3 

(48) 



Atm 

15 25 

3 

(147) 



Atm. 

20 

3 

(49) 



620 to 720 mm. 

0-20 

2 

(40) 



Atm. 

0-20 

2 

(37, 38, 






39,40) 





2 

(6) 



Atm. 

0-60 

2 

(25) 



560 to 875 mm. 

16 

2 

(279) 



Atm. 

15-80 

2 

(275) 



4 atm. 

0 

2 

(233) 



Atm. 

20-26 

2 

(207) 



Atm 

15 21 

2 

(219) 



Atm. 

8-30 

2 

(191) 



Atm. 

0-40 

1 

(113) 



700 to 1300 mm. 

15 

1 

(149) 



R^tive presBures 

11 

1 

(238) 

1 


500 to 800 mm. 

12 

1 

(36) 




0 


(97) 




20 


(343) 




17-20 


(84) 

1 


Atmoepheric to 

20 

1 

(36) 



very low 





Heavy water 

Atm. 

25 

4 

(61) 


Sea water 

500 to 800 mm. 

12 

1 

(36) 


Methanol 

Atm. 

18-36 

4 

(171) 



Atm. 

16-20 

3 

(168) 



60 to 760 mm. 

-78 — 59 

3 

(290) 



Atm. 

15-26 

3 

(147) 


Ethanol 

Atm. 

18-36 

4 

(171) 



Atm. 

15-26 

3 

(147) 



50 to 760 mm. 

-78—59 

3 

(296) 




15-20 

3 

(168) 



Atm. 

20 

3 

(49) 



Atm. 

0-20 

2 

(40) 



Atm. 

0-25 

2 

(44) 



Atm. 

-67-45 

2 

(26) 



Atm. 

20-26 

2 

(207) 


Propanol 

Atm. 

15-25 

3 

(147) 
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QAB 

SOLVXNT 

PBSSSUBX 

TIMPKB- 

ATURS 

VALUX 

BSFXB- 

BMOXS 




T. 



C. Compound gaoei — 






ContinuBd: 






27. Carbon di- 






oxide . 

Isobutyl alcohol 

Atm. 

15-25 

3 

(147) 


Amyl alcohol 

Atm. 

16-25 

3 

(147) 


Isoamyl alcohol 

Atm. 

18-36 

4 

(171) 


Cyclohexanol 

Atm. 

25 

4 

(46) 


Acetic acid 

Atm. 

18-36 

4 

(171) 



Atiu. 

15-25 

3 

(147) 


Propionic acid 

Atm. 

15-26 

3 

(147) 


Butyric acid 

Atm. 

15-26 

3 

(147) 


Formic acid 

Atm. 

7 


(97) 


Acetic acid 

Atm. 

15 


(97) 


Methyl acetate 

Atm. 

25 

4 

(180) 



Atm. 

16-25 

3 

(147) 



60 to 760 mm. 

-78—50 

3 

(206) 


Ethyl acetate 

50 to 760 mm. 

-78—69 

3 

(296) 


Amyl acetate 

Atm. 

18-86 

4 

(171) 



Atm. 

15-25 

3 

(147) 


Amyl formate 

Atm. 

16-25 

3 

(147) 


Isobutyl acetate 

Atm. 

16-25 

3 

(147) 


Benzene 

Atm. 

5.5 


(97) 




5 5 


(98) 



Atm. 

15 25 

3 

(147) 


Toluene 

Atm. 

16-26 

3 

(147) 


Chloroform 

Atm. 

18-36 

4 

(171) 



Atm. 

0 

4 

(130) 



Atm 

16-25 

3 

(147) 



36 to 760 mm. 

13 

3 

(320) 


Bromoform 

Atm. 

0 


(97) 




9 


(98) 


Carbon tetrachloride 

Atm. 

0-25 

4 

(130) 



Atm. 

25 

4 

(131,133) 



Atm. 

16-25 

3 

(147) 


Ethyl chloride 

Atm. 

17.6 

2 

(307) 


Ethylene dichloride 

Atm. 

16 26 

3 

(147) 


Ethylene dibromide 

Atm. 

18 36 

4 

(171) 



Atm. 

16-25 

3 

(147) 


Acetone 

Atm. 

10 25 

4 

(130) 



Atm. 

18-36 

4 

(171) 



Atm. 

15 25 

3 

(147) 



50 to 760 mm. 

-7a— 59 

3 

(296) 


Acetophenone 

Atm. 

16 


(97) 


Diethyl ether 

Atm. 

0 

4 

(130) 




-64-4*15 

2 

(807) 


Pyridine 

Atm. 

18-36 

4 

(171) 



Atm. 

15-25 

3 

(147) 


Carbon disulfide 

100 to 000 mm. 

7-20 

3 

(328) 



Atm. 

16-25 

3 

(147) 


Nitrobenzene 

Atm. 

lfi-25 

3 

(147) 




6 


(98) 


p-Azoxyphenetole 

Atm. 

145-170 

3 

(128) 


Chlorobenzene 

Atm. 

26 1 

4 

(130) 



Atm. 

15-25 

3 

(147) 


Aniline 

Atm. 

18-36 

4 

(171) 

J 


Atm. 

18-25 

3 

(147) 
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QAB 

SOLVENT 

1 i 

1 PRESSURE j 

i 

TEMPER- 

ATURE 

VALUE 

REFER- 

ENCES 




•c. 



C Compound gatea— 






Continued* 






27 Carbon di- 






oxide 

Benzaldehyde 

Atm. 

18-36 

4 

(171) 



Atm. 

16-26 

3 

(147) 


Glycerol, bromobenzene, lodo- 

Atm. 

16-26 

3 

(147) 


benzene, benzyl chloride, 
propylene bromide, amyl 
bromide, amyl chloride, lao- 
butyl chloride, benzotrichlo- 
nde, o-toluidine, m-toluidine, 
acetic anhydride, dichlorohy- 
drin, cumene, eugenol 






Sulfuric acid 

Atm. 

26 

4 

(201a) 



Atm. 

20 

3 

(49) 


Petroleum fractions 

Atm. 

20 

S 

(49) 



Atm. 

2-26 

2 

(170) 



Atm. 

10-20 

2 

1 (101) 



Atm. 

20-50 


(268) 






(88) 


Cottonse-ed, herrinR, olive, lin- 

Atm. 

20-60 


(268) 


seed, maize, and cod-hver 
oils 






Cottonseed oil, corn oil, lard 


23-45 


(327) 


Blood 

Atm. 

38 

4 

(326) 


Beer 

Aqueous solutions: 

760 to 1400 mm 

26 

4 

(86) 


Solute 






Ethanol 

Atm. 

16 

4 

(284) 



760 to 1400 mm. 

25 

4 

(86) 



Atm. 

0-26 

4 

(162) 


1 

Atm. 

16-21 

2 

(219) 


1 


0 


(310) 


Dextrose, levulosc, sucrose 

Atm. 

15 

4 

(284) 


Glycerol, acetone, urea 

Atm. 

0-26 

4 

(162) 


Glycerol, chloral hydrate 

Atm 

16 

3 

(112) 


Sucrose, chloral hydrate, 

760 to 1400 mm. 

25 

4 

(86) 


KCl, Fe(NH4)s(S04)i, 
NH 4 CI, BaClj 






Propanol, acetic acid, aoet> 

Atm. 

20 

4 

(320) 


amide, antipyrene, urea, 
thiourea, urothan, cate- 
chol, resorcinol, qumol, 
pyrogallol, glycine, man- 
nitol, dextrose, sucrose 






Ethanol, acetone, urea, 


0 


(310) 


glycerol 

KCl 

76Q to 1400 mm. 

26 

4 

(81) 


NaCl, KCl. N 1 UHPO 4 . 

Atm. 

38 

4 

(326) 

1 

KsHP 04 , sodium lactate, j 
potassium lactate I 






H 1 SO 4 , NaCl, NajS04, i 

Atm. 1 

26 

4 

(160) 


NaiP04. CaCl*. MgClt. | 
ZnCh, AlCli, Ali(S04)t 






HNO», HCl. H 1 SO 4 , CsCl, 

Atm. 

16-26 

3 

(100) 


KN0«, KI, RbCl, KBr, 
KCl 
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GAS 

BOLV1DNT 

pBSBsnnz 

TSMPSB- 

VALUB 

BBPBB- 



ATuna 

XNCBS 




"C. 



C. Compound gaseo— 






Continued: 






27. Carbon di- 






oxide 

Sucrose, LiCl, NaCl, KCl, 

Atm. 

15 

3 

(48) 


KBr, KI, KNOv HjSOi. 
MgS04, CuS04, ZnS04, 
(NH4)jS04. KHSOi, 
KHSO 4 . KH«Ab04. 
KHtP04, KjHAa04. 

1 K 2 HPO 4 . NaiP04. 

Na4P*07, NajB407 






NaCl, NaNO,. NaiS04. 

Atm. 

0-40 

4 

(201) 


KCl. KNOi, Mg(NOi)j. 
MgS04 






H 1 SO 4 , HCIO 4 

Atm 

25 

4 

(201a) 


Citric, tartaric, metaphos- 

Atm. 

15 

2 

(279) 


phoric acids; NaNO*. 
NaBr, Na2S04. LiCl, Mg- 
CI 2 . MgS04, Ca(NO«)i. 
CaCh, Co(NOi) 2 . 
K4Fe(CN)4, ZnS04, 
Zn(NOi) 2 , Pb(NO.) 2 , 
NH4C1.(NH4)2804,KC1, 
KBr, KI, KCNS, 
NaClO* 






NaCl, KCl, NH 4 CI 

Atm 

8-22 

2 

(191) 


CaCh, SrClj, BaCla 

Atm. 

8-30 

2 

(121) 


NaCl 

Atm. 

0 60 

2 

(25) 


(NH4)2C0i 

3 to 12 mm 

25 

3 

(38) 


MgS04, CaS04 

500 to 800 mm. 

12 

1 

(86) 


NaCl, CaCh 


20 


(343) 


NaCl 




(6) 


Acidified sodium sulfate so- 

Atm. 

25 

4 

(158) 


lution 






Sugar liquors 

Ternary solutions' 




(195) 

(284) 


Dextrose- ethanol-water 
Sucrose-ethanol-water 

Atm. 

15 

4 



Non-aqueous solutions : 




(168) 


Methanol and ethanol solu- 


15-20 

3 


tions of LiCl, LiBr, Lil, 
NaCl, NaBr, Nal 



3 

(48) 


Acetic acid- carbon tetrachlo- 

Atm. 

15 


ride and carbon disulfide- 
ethylene diohloride solu- 
tions 





28. Carbonyl 




2 

(116) 

sulfide 

Water 

Atm. 

13.5 



20 

2 

(299) 


Ethanol 


20 

1 

(299) 


Toluene 


20 

1 

(299) 



-14 

1 

(830) 


Carbon disulfide 


20 

1 

(299) 


Aqueous sodium chloride solu- 


20 

1 

(299) 

i 

tion 
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GAB 

BOLVENT 

PRSBBUBE 

TSMPSBA- 

ature 

▼ALTJB 

RBrSR- 

XNCB8 




T. 



C. Compound gates — 






Continued: 






29 Carbonyl 






chloride. 

Ethanol, acetic acid, benzene 

Atm. 

20 

2 

(11) 


Toluene 

Atm. 

12~31 

3 

(7) 



Atm. 

20 

2 

(11) 


Xylene 

Atm 

12-31 

3 

(7) 


Chloroform, carbon tetraohlo- 

Atm 

20 

2 

(11) 


ride 

Chlorobenzene, acet> lene tet- 

Atm. 

12-31 

3 

(7) 


raohloride, creosote 
Petroleum fractions 

Atm. 

12-31 

3 

(7) 



Atm. 

20 

2 

(11) 

30. Cyanogen. 

Water and aqueous hydrochlo- 


18 

1 

(223) 


ric acid solution 





31 Hydrogen cy- 






anide 

Water 

1 to 7 mm (?) 

25 

2 

(179) 

32 Silane 

Cyolohexanol 

! Atm. 

25 

4 

(46) 

33 Ammonia 

Water 

6 to 500 mm. 

0 60 

4 

(241) 



1 to 100 mm. 

0-25 

4 

(215) 



750 to 4000 mm. 

0-40 

4 

(226) 



0 024 to 1.6 mm. 

0 

4 

(164) 



8 to 60 mm. 

60 

4 

(66) 


i 

6 to 14 mm. 

25 

4 

(99) 



Distillation under 


4 

(42) 



atmospheric 

pressure 

20 to 1800 mm. 

i 

0-61 

3 

(230) 



200 to 1000 mm. 

20^60 

3 

(240) 



1 to 15 mm. 

25 

3 

(183) 



200 to 2000 mm. 

0-100 

3 

(287) 



About 2 to 70 mm. 

20 

3 

i (184) 



10 to 2000 mm. 

0 

3 

! (260) 



Atm 

0-56 

3 

i (260) 



13 mm. 

25 

3 

(1) 



Atm. 

0 20 

2 

(254) 



Atm. 

! 0-20 

1 

(40) 



Relative pressures 

i 16 

1 

(238) 


Methanol 

Atm. 

0-28 

3 

(182) 


Ethanol 

Atm. 

0-28 

3 

(182) 




1 0 

1 

(9) 


Cyclohexanol 

Atm. 

1 25 

4 

(46) 


Quinoline 

Relative pressures 

1 16 

1 

(238) 


Bentiene, toluene, hexane, oc- 

Atm. 

20 

4 

(15) 


tane, dodeoane, cetane, car- 
bon tetrachloride, chloro- 
form, ethylene diohloride, 
chlorobenzene, bromoben- 
zene, benzyl chloride 
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GAB 

SOLVSMT 

PRXtSSUBB 

TXMPBB- 

ATuna 

VAIiUS 

IU0F1>II> 

aKCBS 




•c. 



C Compound gatu — 






Continued: 






33. Ammonia . . 

Aqueous solutions 






Solute: 






NaOH, NHiCl, NH 4 NO,. 

6 to 14 mm. 

25 

4 

(99) 


NHJ, NH 4 CNS, 
(NH4)tS04, (NH4)>C.04, 
(NH4 )iC 4H40«, KCl, 1 
NaCl, BaCU. CaClt, I 
SrCU, MgClt, AgCl, 
CuCli CuS04t ZnS 04 , 
Cd804 








CuS04 

1 to 15 mm. 

25 

3 

(183) 


Urea, mannitol. KtS 04 , 

200 to 1000 mm. 

20-60 

3 

(240) 


NH 4 CI. CUSO 4 





NH 4 CNS 

Up to 2 atm. 

10-80 

3 

(91) 


KCl, KBr, KI, KOH, KF, 

13 mm. 

25 

3 

(1) 


NaCl. NaBr, Nal, 
NaOH, LiCl, LiBr, Lil, 
LiOH, KNOi. KNOj, 
KCN, KCNS. KBOi, 
KjS 04. KtCOi, KjCr04, 
KjC*04, CHiCOOK, 
KtHPOi. Na«S. KClOi, 
KBrOi, KIO 








(NH4)*C0i 

8 to 23 mm 

25 

8 

(83) 


NH 4 CI, NaNOi, NH4NOt. 

Atm 

0-29 

2 

(254) 


KOH. NaOH, Ca(NOi)» 
KOH, NaOH. KtCO», 

About 60 mm 

60 


(165, 166) 


CHiCOOK, (COOK)j. 
KCl. Na«COi, 
CHiCOONa, HCOONa, 
NaCl, BaCU. SrClt, 
CaCU, LiCl, NH 4 CI, 
(NH4)*S04, KtS04, KCl, 
KNOi. KBr, KI, 
Cd(NOi)*, Zn(NOi)f, 
(HCOO)iBa, 
(CHiCOO)»Ba, NiClf, 
Cu(NOi)f, AgNOi, 
NiSOi, CuCU, CuS04, 
(CH*COO)fCu 






Distribution data: 






Water-ether 


20 

4 

(184) 


Water-ohloroform 


25 

4 

(16) 




20 

3 

(64) 


Chloroform-aqueous solutions: 






Solute: CuS04, CuCU, Cdls, 


30 


(64) 


N 1 SO 4 , NajS04, CuO, 
ZnS04 





34. Methylamine 

Water 

8 to (10 mm. 

60 

4 

(66) 



2 to 17 mm. 

25 

4 

(80) 




12.5 

1 

(845) 


Distribution data: 





t 

Water-other 


25 

4 

(290) 

Water-xylene 


25 

4 

(290) 
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OAB 

SOLVENT 

PRESBUBE 

TEMPER- 

ATURE 

VALUE 

BSFEB- 

ENCEB 




“C. 



C. Compound gases — 






Continued : 






35. Dimethyl- 






amme 

Water 

3 to 26 mm. 

25 

4 

(80) 


Distnbution data: water-ether» 


25 

4 

(290) 


water-xylene 





36. Tnmethyl- 






amine 

Water 

17 to 133 mm. 

25 

4 

(80) 



35 to 60 mm. 

16-22 

2 

(174) 


Methanol 

Q to 13 mm. 

25 

3 

(108) 


Ethanol 

7 to 12 mm. 





Propanol 

8 to 13 mm. 





Isoamyl alcohol 

16 mm. 





Bensyl alcohol 

1 to 25 mm. 





Hexane 

22 to 42 mm. 





Benzene 

28 to 33 mm. 





Chloroform 

5 to Q mm. 





a-Bromonaphthalene 

50 to 85 mm. 





Acetone 

52 to 77 mm. 





Acetophenone 

70 to 120 mm 





Diethyl ether 

30 to 50 mm 





Acetonitrile 

35 to 50 mm. 





Nitromethane 

35 to 56 mm. 





o-Nitrotoluene 

85 mm. 





Nitiobenzene 

65 to 95 mm. 





Ethyl acetate 

50 to 60 mm. 





Ethyl benzoate 

' 40 mm. 




37. Ethylamine.. 

Water 

8 to 60 mm. 

60 

4 

(66) 



2 to 18 mm. 

25 

4 

(62) 


Distribution data: water-ether. 


25 

4 

(290) 


water- xylene 





38. Diethyl- 






amine. 

Water 

4 to 30 mm. 

25 

4 

(62) 

39. Triethyl- 






amine. 

Water 

5 to 30 mm. 

25 

4 

(62) 



15 to 170 mm. 

6-50 

3 

(174) 


Hexane 

2 mm. 

26 

3 

(108) 


Nitromethane 

8 to 14 mm. 

25 

3 

(108) 

40. Propylamine.. 

Water 

8 to 60 mm. 

1 

60 

4 

(66) 

41. Nitrous oxide 

Water 

750 to 1400 mm. 

25 

4 

(81) 



250 to 1000 mm. 

25 

4 

(83) 



Atm. 1 

0-40 

4 

(201) 



Atm. 

25 

4 

(280) 



Atm. 

25 

4 

(198) 



Atm. 

13-86 

4 

(171) 



Atm. 

25 

3 

(100) 



Atm. 

20 

8 

(157) 




5-20 

3 

(262) 



Atm. 

15-80 

2 

(275) 



Atm. 

8-22 

2 

(104) 
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OAfi 

SOLVUNT 

1 

PRSSSCBK 

TBMPBR> 

VAJjPl! 

rrfbb- 




ATURS 

RNCBS 




•c. 



C. Compound gtuea— 






Continued: 






41. Nitrous oxide. 

Water 

Atm. 

0 25 

3 

(40) 



Atm. 

0 


(97) 






(286) 


Ethanol 

Atm. 

18-36 

4 

(171) 



Atm. 

0-26 

2 

(40) 



Atm. 

0-26 

2 

(44) 



Atm. 

16-18 

2 

(186) 


Benzene 

Atm. 

10-40 

4 

(130, 138) 



Atm. 

6.6 


(«7) 


Aoetone 

Atm. 

0-40 

4 

(130, 138) 



Atm. 

18-36 

4 

(171) 


Aoetio acid 

Atm. 

18-36 

4 

(171) 



Atm. 

16 


(97) 


Methyl alcohol 

Atm. 

18-86 

4 

(171) 


laoamyl alcohol 

Atm. 

18-36 

4 1 

(171) 


Cyclohexanol 

Atm. 

26 

3 

(46) 


Formic acid j 

Atm 

7 


(97) 


Methyl acetate 

Atm 

10-40 

4 

(130, 133) 


Amyl acetate 

Atm. 

18-36 

4 

(171) 


Chloroform 

Atm. 

18-36 

4 

(171) 


Carbon tetrachloride 

Atm. 

10-40 

4 

(130. 133) 


Bromoform 1 

Atm. 

7 


(97) 


Ethylene dibromide 

Atm. 

18-36 

4 

(171) 


Chlorobenzene 

Atm. 

10-56 

4 1 

(130, 133) 


Acetophenone 

Atm. 

16 


(97) 


Pyridine 

Atm. 

18 36 

4 

(171) 


Benzaldehyde 

Atm. 

18-36 

4 

(171) 


Aniline 

Atm. 

18-36 

4 

(171) 


Petroleum fractions 

Atm. 

10-20 

2 

( 101 ) 


Olive and sesame oils 

Aqueous solutions: 

Atm. 

17-37 

3 

(309) 


Solute: 






Propionic acid , chloral by> 

Atm. 

20 

3 

(167) 


drate 

Urea, oxalic acid, glycerol 


6-26 

3 

(262) 


NH 4 CI, KCl, CaCli, NaCl, 

Atm. 

26 

4 

(198) 


BaCls, NHiBr, ETBr, 
NaBr, NH4NOi, KNOi, 
NaNOi. Mg(NOi)t, 
Ca(NOi)«, Zn(NO»)*, 
Cd(NOi)i, Cu(NO.)*, 
Al(NOi)i, (NH4 )iS 04. 
KtS04, NatB04, MgS04, 
ZnS04. MnS04. FeS04. 
CoS04,Ni804, A1,(S04)», 
Fei(S04)i, Cr»(S04)«. 
KIO 4 , Na«HP04. NaaP04 






NaCl, Na*S04, KCl, 

Atm. 

0-40 

4 

(201) 


KNO., Mg(NO,)i. 
MgS04 



3 

(167) 


KNOi, NaNOi 

Atm. 

30 


H 1 PO 4 , NaCl 


6-26 

3 

(262) 


LiCl, NaCl, KCl, Na*804. 

Atm. 

8-22 

3 

(104) 

1 

K 1 SO 4 , LiiS04, CaCls, 
SrCli, MgS04 
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OAf} 

801.VBKT 

PRSaSURlS 

TBMPBB- 

ATTTBB 

VALxno 

RXFXB- 
1 BNClUi 

i 



•c. 



C. Compound gates — 






Continued* 






41 Nitrous oxide 

IINOi, HCI, HiSOi, CsCl. 

Atm 

15-25 

3 

(100) 


KNOi, KI, RbCl, KBr, 
KCl, LiCl, NH 4 CI. KOH 






HiSOi, F 08 O 4 . NaOH, 


15-18 

2 

(186) 


pyrogallol (alkaline) 






Acidified sodium sulfate so- 

Atm. 

25 

4 

(158) 


lution 






Blood fluids 

Atm. 

87.5 

4 

(230) 






(285) 

42 Nitric oxide 

Water 

Atm. 

0-100 

3 

(340) 



Atm. 


3 

(330) 




1 20 

2 

(819) 



250 to 2000 mm. 

0-16 

2 

( 200 ) 




0 


(08) 


Ethanol 

Atm. 

0-25 

2 

(40) 



Atm. 

0-25 

2 

(44) 


Benzene 

520 to 1000 mm. 

0-35 

3 

(156) 




5 


(08) 


Carbon tetrachloride 

450 to 1000 mm. 

0-35 

3 

(156) 


Nitrobenzene 

450 to 1000 mm. 

20-00 

3 

(166) 




5 


(08) 


Bromoform 


8 


(08) 


Cyclohexane 

Aqueous solutions: 


5 


(08) 


Solute* 






HtS04 

Atm. 

18 

3 

(314) 



Atm. 

18 

2 

(187) 




0 

2 

( 100 ) 





1 

(107) 


FeSOi, FeClj 

250 to 2000 mm. 

0-16 

2 

( 200 ) 


N 18 O 4 , C 08 O 4 , MnCl*. fer- 

550 to 700 mm. 

20 

2 

(137) 


rous salt 

Ferrous salts 



1 

(308) 


Ethanol solution of ferrous 

700 to 2000 mm. 

2-28 

2 

(200) 


chloride 





43. Phosphine , 

Water 


15 

1 

(73) 


Cyolohexanol 

Atm. 

25 

4 

(46) 

44. Methyh 






phosphine 

Ethanol, ether 


0 

1 

(126) 

45. Arsine 

Water 

150 to 760 mm. 

20 

4 

(00a) 



200 mm. 

0-25 

4 

(146) 



100 to 860 mm. 

20 

4 

(343a) 

46. Stibine. 

Watw 


Room 

2 

(208) 





1 

(143) 


Ethanol, benzene 


Room 

2 

(208) 


Carbon disulfide 


0 

3 

(208) 

47. Hydrogen 






sulfide 

Water 

270 to 3500 mm. 

5-60 

4 

(344) 



Atm. 

0 

4 

(247) 



Atm. 

25 

4 

(148) 




SOLUBILITY OF GASES IN LIQUIDS 


677 


TABLE 1 — Continued 


GAS 

BOLTSMT 

PBSBStTBli 

TBMPBH- 

ATX7B1I 

VALOTB 

KBraa* 

SMcas 




•c. 



C. Compound gaaM-— 






Continued: 






47 Hydrogen 






sulfide 

Water 

Atm. 

26 

4 

(244) 



Atm. 

0-25 

4 

(152) 



Atm. 

0-40 

3 

(37, 38. 






30,40) 



Relative pressures 

12 

1 

(238) 




0 


(07) 


Ethanol 

Atm. 

0-25 

3 

(40) 



Atm. 

0-26 

3 

(44) 


Glycerol 


25 

3 

(205) 


Ether 

740 mm. 

26 

3 

(232) 


Aniline 

100 to 1200 mm. 

22 

4 

(10) 


Pyridine 

750 mm. 

22 

1 

(260) 


Bensene, hexane, cyclohexane, 

Atm. 

20 

4 

(16) 


octane, dodeoane, cetane, 
carbon tetrachloride, chloro- 
form, ohlorobenxene, bromo- 
benxene, toluene, ethylene 
dichloride, trichloroethylene, 
tetrachloroethylene. pentar 
chloroethane, ethyl bromide, 
bromoform, s-tetraohloro- 
ethane, «-tetrabromoethane 






Benzene 


5.6 


(97) 


Bromoform 


7 


(07) 


Formic acid 


7 


1 (97) 


Acetic acid 


16 


(97) 


Acetophenone 


16 


(97) 


Sulfur 

Aqueous solutions: 


440 

1 

(236) 


Solute: 






HCl 

Atm. 

26 

4 

(148) 


HI 

Atm. 

26 

4 

(244) 


NaHS 


16-46 

2 

(102) 


Ethanol 

Atm. 

0-26 

4 

(162) 




0 


(310) 


Glycerol 

Atm. 

0-26 

4 

(162) 




0 


(310) 


Acetone 

Atm. 

0-26 

4 

(162) 




0 


(810) 


Urea 

Atm. 

0-26 

4 

(162) 




0 


(310) 


HCl, NaCl, NH 4 CI. 


26 

3 

(206) 


NaNOi, KNOi,NH 4NO». 
NaBr, KBr, NHiBr, 
KI, CH 1 COONH 4 , 
HiSOi, NatS04. K 18 O 4 , 
(NH4)tS04 





48. Sulfur di- 






oxide. 

Water 

260 to 2500 mm. 

10-27 

4 

(189) 



100 to 1500 mm. 

20-110 

4 

(22) 



30 to 800 mm. 

0-26 

4 

(216) 

> 


Atm. 

10-00 

4 

(135) 


60 to 1100 mm. 

6-60 

4 

(291) 
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A. KOBE 






TBMPBB- 


BBVBR- 


SOLiVUNT 

PREBBU HIS 

ATTJRB 


BNCB8 




•c. 



C. Compound gases— 






Continued. 






48 Sulfur di- 






oxide 

Water 

Atm. 

26-35 

4 

(92) 


1 

78 mm. 

25 

4 

(92) 



0 to 180 mm. 

16'25 

4 

(21) 



20 to 2000 mm. 

7-50 

3 

(287) 



0 to 2800 ram 

0-12 

3 

(13) 



Atm 

0-40 

2 

(88, 39, 






40) 



Relative preesures 

12 

1 

(238) 



Atm. 

0-100 


(229) 


Methanol 

Atm. 

0-26 

3 

(182) 


Ethanol 

Atm. 

0-26 

3 

(182) 



A tin. 

0-40 

2 

^40) 



Atm. 

0'25 

4 

(133) 


Methyl acetate, acetone 

200 to 1000 mm. 

25 

4 

(138) 


Benzene 

100 to 1000 mm. 

25 

4 

(133) 



Atm. 

26 

4 

(134) 



Atm. 

30-60 

4 

(181) 


Toluene 

Atm. 

20-60 

4 

(181) 


Nitrobenzene, o-nitrotoluene 

Atm. 

15-60 

4 

(181) 


Carbon tetrachloride 

Atm. 

25-40 

4 

(130) 



100 to 050 mm. 

25 

4 

(133) 


Chlorobenzene 

10 to 1060 mm. 

25 

4 

(133) 


Aootic anhydride 

Atm 

-6-f30 

4 

(181) 


Camphor 

700 mm. 

4-24 

2 

(271) 


Sulfuric acid 

Atm. 

20 

3 

(214) 


Aqueous solutions. 






Solute* 






HiSOi 

Atm. 

20 

3 

(214) 



Atm 

10-16 

2 

(72) 


KCl, NatSOi 

Atm. 

10-90 

4 

(136) 


Ca(HSOi )2 

0 to 180 mm. 

16-26 

4 

(21) 


Ca(H80.)s, Mg(HSO*)s 

50 to 1100 mm 

5-60 

4 

(291) 


Kl, KBr, KCl, KCNS, 

Atm. 

25-35 

4 

(92) 


NHiNOi, KNOi, 






(NH4)2S04, Cdli, NajS04. 






CdBrt, CdClt, Cd804 






KI. KCNS, KBr, KCl. 

78 mm. 

25 

4 

(92) 


KNOi, (NH4 )jS04 






Acidified sodium sulfate so- 

Atm. 

25 

4 

(168) 


lution 





49. Hydrogen 






selenide 

Water, hydriodic acid 

Atm. 

16-35 

4 

(203) 


Selenium 


580 

1 

(235) 

£0. Hydrogen 






chloride 

Water 

0.04 to 560 mm. 

60 

4 

(346) 



0.01 to 4 mm. 

26-80 

4 

(12) 



0.001 to 0.1 mm. 

30 

3 

(96) 



60 to 1300 mm. 

0-100 

3 

(260) 



0 to atmospheric 

30 

3 

(67) 




-12-0 

1 

(19) 



Relative pressures 

11 

1 

(238) 
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GAS 

SOLVBNT 

PRBSSUBB 

TBMPBB- 

VAiitm 

RVFBE* 




ATUBB 

BNCBS 




•c. 



C. Compound gateo— 






Continued: 

, 





60. Hydrogen 






chloride . . 

Methanol 

Atm. 

0^32 

8 

(182) 


Eithanol 

Atm. 

0-32 

3 

(182) 


Chloroform 


10 

2 

(884) 


Bensene. hwcane, cyclohexane. 

Atm. 

20 

4 

(16) 


octane, dodecane, cetane, 
carbon tetrachloride, chloro- 
form, bromoform, chloro- 
bencene, bromobensene, tol- 
uene, ethylene dichlonde, 
trichloroethylene, tetraohlo- 
roethylene, pentaohloro* 
ethane, ethyl bromide, 
«-tetraohloroethane, a-tetra- 
bromoethane, bensotrichlo- 
ride, bensyl chloride 


- 




1.1, 2-Trichloroethane, penta- 

500 to 700 mm. 

12-20 


(110) 


ohloroethane 

Ethylene dichlonde, ethylene 

300 to 800 mm. 

16-25] 


(109) 


dibromide, acetylene tetrar 
chlondo, carbon tetrachloride 






Diethyl ether 


-9- +30 

3 

(273) 


Isoamyl ether 

Aqueous solutions: 

Atm. 

0-26 

3 

(237) 


Solute: 






Ethanol 

0.04 to 6 mm. 

25 

3 

(146) 


Sulfunc acid 


17-70 


(66) 






(60) 

61. Hydrogen 





(12) 

bronude 

Water 

0 001 to 0.1 mm. 

26 

4 




10 

1 

(19) 


Benzene 

8 to 630 mm. 

30-60 


(147a) 

62. Hydrogen 



26 


(12) 

iodide 

Water 

0.0005 to 0.1 mm. 

4 




10 

1 

(19) 

D. Radxoactioe 






1. Radium ema> | 





(302) 

nation 

Water 


fr-100 







(316) 




aso 


(272) 




0-40 


(29) 




15-30 


(124) 




0-80 


(127) 




0-91 


(161) 




0-100 


(208) 




0-18 


(252) 


Sea water 


14 


(29) 


Methanol 


15-80 


(124) 


Ethanol 


-18-+18 


(252) 




-18-+18 


(208) 




-18-+50 


(272) 




14 


(29) 






(815) 


^ The pr«Mure0 are not given direoUy. The methods used were all similar, and there Is relatively little 
basis for evaluating the results, except the temperature control. 
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TABLE I— Continued 


QKB 

BOLVKNT 

PAS88ITRS 

TSMPSR> 

ATURB 

VAXiUB 

RlUrKR- 

XNCSB 




“C. 



D. Radiotutne ga$e»\ 






—Continued: 






1 Radium ema» 






nation 

Propanol, butanol, formic acid. 


15-30 


(124) 


acetic acid, propionic acid, 
butyric acid 






Amyl alcohol 


14 


(29) 


Glycerol I 


18 


(252) 


Ethyl acetate 


-18-4-18 


(208) 




-18-4-18 


(252) 




-18-4-60 


(272) 


Benzene 


6-73 


(802) 




18 


(252) 




18 


(272) 


Toluene 


-18-4-18 


(208) 




14 


(29) 




-18-4-60 


(272) 




-18 4-18 


(262) 


Xylene 


-18 4-18 


(252) 




-20-4-70 


(208) 


Hexane 


-18-4-30 


(272) 




-18-4-18 


(252) 


Cyclohexane 


-18-4-18 


(252) 


Chloroform 


-18-4-18 


(208) 




-18-4-18 


(252) 




-20-4-60 


(272) 


Aniline 


-18 4-18 


(252) 






(315) 




0-18 


(272) 


Acetone 


-18-4-18 


(208) 




-20-4-40 


(272) 




-18-4-18 


(252) 


Carbon disulfide 


-lfi-4-40 


(272) 




-18-4-18 


(208) 




-18-4-18 I 


(262) 


Diethyl ether 


-18-4-18 ' 


(208) 




-18-4-18 


(262) 




-18-4-30 


(272) 


Petroleum fractions ^ 


-18 4-18 
-21-4-60 


(262) 

(127) 

(316) 


Aqueous solutions. 





Solute* 






CuSOi 

NaCl, Ba(NOa)5, NH 4 NO,. 


5-30 


(316) 

(162) 


urea 





Ethanol, sucrose, KCl, 


IS 


(160) 


NaCl, NH 4 CI, Pb(NOi),. 
AgNOi, HkCIi, Zn804, 
CuS04, FeSOi, KMn04, 
K4Fe(CN)» 






2. Thorium ema- 






nation 

Water 


Room 


(155) 






(28) 


Ethanol 




(28) 
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QAB 

BOLVSNT 

PBnSSUBB 

TBMPBB- 

ATUBB 

TALUS 

BSFBB^ 

SHOW 

D. Radioaetxv9 gafetf 
>-Ck>ntinued: 

2. Thorium ema- 
tuition. 

Petroleum fractions 

Aqueous solutions of HsSOi. 
CuS04t CaCli 


•c. 

Room 


ill 

3. Actinium 
emanation . 

Water, acetone, bensene, etha- 
nol, amyl alcohol, bensal- 
dehyde, toluene, carbon 
disulfide, petroleum, sulfuric 
acid, aqueous KCl solution 


Pfjom 


(119) 


t The pressures are not given directly. The methods used were all similar, and there is relatively little 
basis for evaluating the results, except the temperature control. 


REFERENCES 

(1) Abegg and Reisenfeld: Z. physik. Chem. 40, 84 (1902). 

(2) Adeney and Becker: Phil Mag. 39, 386 (1920). 

(3) AkerlOp: J. Am. Chem. Soc. 67, 1196 (1936). 

(4) Angstrom: Ann. Physik 33, 223 (1888). 

(6) Antropoff: Proc. Roy. Soc. (London) 83, 474 (1910); Z. Elektrochem, 26, 
269 (1919). 

(6) Appel: Chaleur et ind. 2, 346 (1921). 

(7) Atkinson, Heycock, and Pope: J. Chem. Soc. 117, 1410 (1920). 

(8) Austin, Cullen, and Hastings: J. Biol. Chem. 64, 121 (1922). 

(9) Babyer and Villiger: Ber, 36, 2774, 2781 (1903). 

(10) Bancroft and Beldbn: J. Phys. Chem. 34, 2123 (1930). 

(11) Baskerville and Cohen: Ind. Eng. Chem. 13, 333 (1921). 

(12) Bates and Kirschman: J. Am. Chem. Soc. 41, 1991 (1919). 

(13) Baume and Tykocinbr; J. chim. phys. 12, 270 (1914). 

(14) Bell: Trans. Faraday Soc. 33, 496 (1937). 

(16) Bell: J. Chem. Soc. 1931, 1371. 

(16) Bell and Feild: J. Am. Chem. Soc. 33, 940 (1911). 

(17) Bbbthelot: Ann. chim. phys. 43, 276 (1866). 

(18) Berthelot: Ann. chim. phys. 9, 421 (1866). 

(19) Berthelot: Bull. soc. chim. 19, 361 (1873). 

(20) Berthelot: Compt. rend. 91, 191 (1880). 

(21) Beuschlein and Conrad: J. Am. Chem. Soc. 66, 2664 (1934); Paper Trade J. 

99, No. 12, 76 (1934); 106, No. 4, 37 (1937). 

(22) Beuschlein and Simenson: J. Am. Chem. Soc. 62, 610 (1940). 

(23) Billitzbr: Z. physik. Chem. 40, 636 (1902). 

(24) Bohr: Ann. Physik 62, 644 (1897). 

(26) Bohr: Ann. Physik 68, 600 (1899); 44, 318 (1891). 

(26) Bohr: Ann. Physik 1, 244 (1900). 

(27) Bohr: Z. physik. Chem. 71, 47 (1910). 










582 


AARON E. MARKHAM AND KENNETH A, KOBE 


(28) Boyle: Bull. Macdonald Physics Bldg. 1, 52 (1910); J. phys. radium 7, 200 

(1910). 

(29) Boyle: Phil Mag. 22, H40 (1911). 

(30) Braun: Z. physik Chem 33, 721 (1900). 

(31) Brineh and Perrottet: Helv Chim Acta 22, 397 (1939). 

(32) Briner and Perrottet: Helv Chim. Acta 22, 585 (1939). 

(33) Buck: Z. physik. Chem 70, 66 (1910). 

(34) Buck: Soc. Sci Fennica 2, No. 16 (1925). 

(35) Buck: Nord Kemistmotet (Finland), p. 184 (1928). 

(36) Buchanan: Proc. Roy Soc. (London) 22, 192, 483 (1874). 

(37) Bunsen: Ann 93, 1 (1855). 

(38) Bunsen: Ann. chim. phys. 43, 496 (1855). 

(39) Bunsen- Phil. Mag 9, 116, 181 (1855). 

(40) Bunsen: Gasomelrische Methoden^ 2nd edition. Braunschweig (1858). 

(41) Cady, Klsey, and Berger: J Am. Chem. Soc. 44, 1456 (1922). 

(42) Calingaert and Huggins: J Am. Chem Soc 46, 915 (1923). 

(43) Calvet: J. chim. phys. 36, 286 (1938). 

(44) Carius: Ann 94, 129 (1855); Ann. chim. phys. 47, 418 (1856). 

(45) Casbuto: Physik. Z. 6. 233 (1904). 

(46) Cauquil: J. chim phys 24, 53 (1927). 

(47) ("hlopin: Arch. Hyg. 27, 18 (1896) 

(48) Christoff: Z. physik. Chem. 63, 321 (1905). 

(49) Christoff: Z. physik. Chem. 66, 622 (1906). 

(50) Christoff: Z physik. Chem. 79, 456 (1912). 

(51) (Claude. Compt. rend 128, 303 (1899) 

(52) ('laude and Hess- Compt. rend 124, 626 (1897). 

(53) Clowes: J. Chem Ind. 16, 210 (1897). 

(54) Ch.owEs AND Biggs: J. Soc. Chem. Ind 23, 358 (1904). 

(55) ('oNANT AND Scoi-T J Biol. Chem. 68, 107 (1926). 

(56) (-OPPADORO: Gazz. chim. ital. 39, II, 616 (1909). 

(57) (^oste: j Soc. Chem. Ind. 36, 846 (1917), 37, 170 (1918). 

(58) Coste: J. Phys Chem. 31, 81 (1927) 

^59) ('osTE AND Andrews: J. Phys. Chem 28, 285 (1924). 

(60) Cupr: Kec. trav. chim. 44, 476 (1925) 

(61) Curry and Hazelton: J. Am Chem. Soc. 60, 2771 (1938). 

(62) Dailey and Felbing: J. Am. Chem. Soc. 61, 2808 (1939). 

(64) Dawson and MaKJrae: J, Chem. Soc. 77, 1239 (1900); J. Chem. Soc. 79, 493, 

1069 (1901) 

(65) I'Iittmar: Great Britain Challenger Office: Report of Scientific Results. 

Voyage II. M S. Challenger, Physics and Chemistry 1, 172 (1884). 

(66) Doijer: Z. physik Chem 6 , 481 (1890). 

(67) Dolezalek: Z. physik Chem, 26, 334 (1898). 

(68) Dolezalek: Z. physik Chem. 64, 727 (1908); 71, 191 (1910). 

(69) Dornte and Ferguson: Ind. Eng. Chem. 31, 112 (1939). 

(70) Driessen: Hct Gas 48, 271 (1928). 

(71) Drucker and Moles: Z. physik Chem. 76, 405 (1910). 

(72) Dunn: Chem. News 45, 270 (1882). 

(73) Dybkowsky: Bull. soc. chim. 6 , 344 (1866). 

(74) Ebler and Fellner: Z. anorg. allgem. Chem. 73, 1 (1911). 

(75) Eley: Trans. Faraday Soc. 35, 1281, 1421 (1939). 



SOLUBILITY OF GASES IN LIQUIDS 


683 


(76) Erdmann and Bedford: Ber. 37, 1184, 2645 (1904). 

(77) Estreichbr: Z. physik. Chem. 31, 176 (1899). 

(78) Euler: Z. physik. Chem. 31, 360 (1899). 

(79) Falciola: Atti accad. Lincei 17, II, 324 (1908); Gazz. chim. ital. 39, I, 398 

(1909). 

(80) Fblsing and Phillips: J. Am. Chem. Soc. 68 , 1973 (1936). 

(81) Findlay and Creighton: J. Chem. Soc. 97, 536 (1910). 

(82) Findlay and Harry: Kolloid-Z. 3, 169 (1908). 

(83) Findlay and Howell: J. Chem. Soc. 106, 291 (1914). 

(84) Findlay and Howell: J. Chem. Soc. 107, 282 (1915). 

(85) Findlay and Shen: J. Chem. Soc. 99, 1313 (1911). 

(86) Findlay and Shen: J. Chem. Soc. 101, 1469 (1912). 

(87) Findlay and Williams: J. Chem. Soc. 103, 636 (1913). 

(88) Fischer and Dilthey: Ges. Abhandl. Kenntnis Kohle 8 , 305, 306; Chem. 

Zentr. 1929, II, 3266. 

(89) Fischer and Tropsch: Ber: 60, 765 (1917). 

(90) Fischer and Zerbe: Brennstoff-Chem. 4, 17 (1923). 

(91) Foote: J. Am. Chem. Soc. 43, 1031 (1921). 

(92) Fox: Z. physik Chem. 41, 458 (1902). 

(93) Fox: Trans. Faraday Soc. 6, 68 (1909). 

(94) Friedel and Gorgbu: Compt. rend. 127, 590 (1898). 

(94a) Frolich, Tauch, Hogan, and Peer: Ind. Eng. Chem. 23, 648-60 (1931). 

(95) Gahl: Z physik. Chem. 33, 178 (1900). 

(96) Garelli: Atti accad. Lincei 2, 120 (1925). 

(97) Garelli and Falciola: Atti accad. Lincei 13, 110 (1904); Gazz. chim. itaJ. 

34, II, 1 (1904). 

(98) Garelli and Monath: Atti accad, sci. Torino 61, 12 (1926); 62, 142 (1926->27). 

(99) Gaus: Z. anorg. allgem. Chem 26, 236 (1900). 

(99a) Gebert: Biochem. Z. 293, 157 (1937). 

(100) Geffcken: Z. physik. Chem. 49, 257 (1904). 

(101) Gnibwoszy and Walfisz: Z. physik. Chem. 1, 70 (1887). 

(102) Goldschmidt and Larson: Z. physik. Chem. 71, 437, 449 (1910). 

(103) Goodwin: Ber. 16, 3039 (1882). 

(104) Gordon: Z. physik. Chem. 18, 1 (1895). 

(105) Grollman: J. Biol. Chem. 82, 317 (1929). 

(107) Hainsworth and Titus: J. Am. Chem. Soc. 43, 1 (1921). 

(108) Halban: Z. physik. Chem. 84, 129 (1913). 

(109) Hamai: Bull. Chem. Soc. Japan 10, 5 (1936). 

(110) Hamai: Bull. Chem. Soc. Japan 10, 207 (1935). 

(111) Hambbrg: j. prakt. Chem. 33, 433 (1886). 

(112) Hammbl: Dissertation, Munster, 1914; Z. physik. Chem. 90, 121 (1915). 

(113) Hantszch and Vagt: Z. physik. Chem. 38, 705 (1901). 

(114) Hawkins and Shilling: J. Biol. Chem. 113, 273 (1936). 

(115) Hawkins and Shilling: J. Biol. Chem. 113, 649 (1936). 

(116) Hempbl: Z. angew. Chem. 14, 866 (1901). 

(117) Henrich: Z physik. Chem. 9, 436 (1892). 

(118) Henry: Phil. Trans. 93, 29 (1803); Gilb. Ann. 20, 147 (1806). 

(119) Hevesy: Physik. Z. 12, 1214 (1911); J. Phys. Chem. 16, 429 (1912). 

(120) Hibben: Bur. Standards J. Research 3, 97 (1929). 

(1^1) Hildebrand: J. Am. Chem. Soc. 38, 1452 (1916). 



584 


AARON E. MARKHAM AND KENNETH A. KOBE 


(122) Hildebrand: Phye. Rev. 21, 46 (1923). 

(123) Hildebrand, Joel H.: Soluhthty, p. 140. The Chemical Catalog Company, 

Inc , New York (1924). 

(124) HoFBAUEii: Sitzber. Akad Wiss. Wien, Abt. Ila, 123, 2001 (1914). 

(126) Hofmann: Her. 4, 605 (1871). 

(127) Hofmann: Physik. Z. 6, 337 (1905). 

(128) Homfray: J. Chem. Soe. 97, 1669 (1910). 

(129) Hooker: Chem. Met. Eng. 23, 961 (1920). 

(130) Horiuchi: Bull. Inst. Phys. Chem. Research (Tokyo) 7, No. 2, 119 (1928). 

(131) Horiuchi: Bull Inst. Phys. Chem Research (Tokyo) 9, 697 (1930). 

(132) Horiuchi: Bull. Inst. Phys. Chem. Research (Tokyo) 10, 374 (1931). 

(133) Horiuchi: Sci. Papers Inst. Phys. Chem. Research (Tokyo) 17, 125 (1931). 

(134) Horiuchi: Z. Elektrochem. 39, 22 (1933). 

(135) Hudson: J. Chem. Soc. 127, 1332 (1925). 

(136) HOfner: Z. physik. Chem. 67, 611 (1907). 

(137) HOfner: Z. physik. Chem. 69, 416 (1907). 

(138) HtTFNER AND KuLZ*. J. prakt. Chem 26, 256 (1883). 

(139) Jager: Sitzber Akad. Wiss Wien, Abt. Ila, 124, 287 (1915). 

(140) Jahn: Z. physik. Chem. 41, 257 (1902). 

(141) Jakovkin: Z. physik. Chem. 29, 613 (1899). 

(142) James: Ind. Eng. Chem. 6, 115 (1913). 

(143) Jones: J. Chem. Soc. 29, 641 (1876). 

(144) Jones: J. Chem. Soc 99, 392 (1911). 

(145) Jones, Lapworth, and Lingford: J. Chem. Soc. 103, 252 (1913). 

(146) Jung: Biochem. Z. 302, 294 (1939). 

(147) Just: Z. physik. Chem. 37, 342 (1901). 

(147a) Kapustinski and Maltsev: J. Phys. Chem. (U. S. S R.) 14, 105 (1940). 

(148) Kendall and Andrews: J. Am. Chem. Soc. 43, 1545 (1921). 

(149) Khanikoff and Luoinin: .4nn. chim. phys. 11, (4) 412 (1867). 

(150) Kireev, Kaplan, and Romanchuk: J. (len. Chem. (U. S. S. R.) 6, 444 (1935). 

(151) Kireev and Romanchuk: J. Gen. Chem. (U. S. S. R.) 6, 78 (1936). 

(152) deKiss, Lajtai, and Thury: Z. anorg. allgem. Chem. 233, 346 (1937). 

(153) Kiss and Urmanczy: Acta Lit. Sci. Regiae Univ. Hung. Francisco-Josephinae, 

Sect. Chem , Mineral Phys. 6, 305 (1938). 

(154) Klarmann: Z. anorg. allgem, Chem. 132, 289 (1924). 

(155) Klaus: Physik. Z. 6, 820 (1905). 

(156) Klbmenc and Spitzer-Neumann: Monatsh, 63, 413 (1929). 

(157) Knopp: Z. physik. Chem. 48, 97 (1904). 

(158) Kobe and Kenton: Ind. Eng. Chem., Anal. Ed. 10, 76 (1938). 

(159) Kobe and Williams: Ind. Eng. Chem., Anal. Ed. 7, 37 (1935). 

(160) Kofler: Physik. Z. 9, 6 (1908). 

(161) Kofler: Sitzber. Akad. Wiss. Wien, Abt. Ila, 121, 2169 (1912); Monatsh. 34, 

389 (1913). 

(162) Kofler : Sitzber. Akad. Wiss. Wien, Abt. Ila, 122, 1461 (1913). 

(163) Kohn and O^Bribn: J. Soc. Chem. Ind. 17, 1100 (1898). 

(164) Konig and Mutschler: Ber. 10, 2017 (1877). 

(165) Konovalov: J. Russ. Phys. Chem. Soc. 30, 367 (1898); 31, 910, 985 (1899). 

(166) Konovalov: Chem. Zentr. 1900, 1, 938. 

(167) Korosy: Trans. Faraday Soc. 33, 416 (1937). 

(168) Kosakbvich: Z. physik. Chem. 143, 216 (1929). 



SOLUBILITY OF GASES IN LIQUIDS 


585 


(169) Kbbmann and Honel: Monatsh. 34, 1089 (1913). 

(170) Kubib: J. Biol. Chem. 72, 546 (1927). 

(171) Kunerth: Phys. Rev. 19, 512 (1922). 

(172) Lannung: J. Am. Chem. Soc. 62, 68 (1930). 

(173) Larson and Teitsworth: J. Am. Chem. Soc. 44, 2878 (1922). 

(174) Lattey: J, Chem. Soc. 91, 1959 (1909). 

(175) Lebeau: Compt. rend. 140, 1454, 1572 (1905). 

(176) Leduc: Compt. rend. 142, 149 (1906). 

(177) Levi: Gazz. chim. ital. 31, II, 513 (1901). 

(178) Levy and Marboutin: Compt rend 124, 969 (1897); Bull. soc. chim. 19, 149 

(1898). 

(179) Lewis and Keyes: J. Am. Chem. Soc. 40, 472 (1918). 

(180) VAN Liempt and van Wijk: Rec. trav. chim. 56, 632 (1937). 

(181) Lloyd: J. Phys. Chem. 22, 300 (1918). 

(182) Lobby de Bruyn: Z. physik. Chem. 10, 782 (1892). 

(183) Locke and Forssall: Am. Chem J., 31, 268 (1904). 

(184) Lofman: Z. anorg. allgem. Chem. 107, 241 (1919). 

(185) Lubarsch: Ann. Physik 37, 524 (1889). 

(186) Lunge: Ber. 14, 2188 (1881). 

(187) Lunge: Ber. 18, 1391 (1895). 

(188) Luther: Z. Elektrochem. 11, 832 '1905). 

(189) Maass and Maass: J, Am. Chem. Soc. 60, 1352 (1928). 

(190) MacAuthur: J. Phys. Chem. 20, 495 (1916). 

(190a) MacDougau.: Thermodynamics and Chemistry j p. 241. J. Wiley and Sons, 
Inc., New York (1939). 

(191) Mackenzie: Ann. Physik 1, 438 (1877). 

(192) Maclauuin: J. Chem. Soc. 63, 724 (1893). 

(193) Mailfert: Compt. rend. 119, 951 (1894). 

(194) Maillard, Vellinger, and Verdier: Ann. combustibles liquides 7, 7 (1932). 

(195) Majer: Listy Cukrovar. 47, 123 (1928). 

(196) Malisoff and Egloff: J. Phys. Chem. 22, 529 (1918). 

(197) Manchot: Z. angew. (’hem. 23, 2113 (1910). 

(198) Manchot and coworkers: Z. anorg allgem. ('hem. 141, 38, 45 (1924). 

(199) Manchot, Konig, and Reimlinqer: Ber. 59B, 2672 (1926). 

(200) Manchot and Zechentmaybr: Ann 360, 368 (1906). 

(201) Markham and Kobe: J. Am. Chem. Soc. 63, 449 (1941). 

(201a) Markham and Kobe: J. Am. Chem. Soc. 63, 1165 (1941). 

(202) Maxted and Moon: Trans. Faraday Soc. 32, 769 (1936). 

(203) McAmis and Felsing: J. Am. Chem. Soc. 47 , 2633 (1925). 

(204) McDaniel: J. Phys. Chem. 16, 587 (1911). 

(205) McLauchlan: Z. physik. Chem. 44, 600 (1903) 

(206) Mellor: J. Chem. Soc. 79, 216 (1901). 

(207) Metschl: J. Phys. Chem. 28, 417 (1924). 

(208) Meyer: Sitzber. Akad. Wiss. Wien, Abt. Ila, 122, 1281 (1913). 

(209) Meyer and Gottlieb-Billroth: Z. physiol. Chem. 112, 65 (1921). 

(210) Mies: Autogene Metallbearbeit. 32, 2 (1939). 

(211) Miles and Fenton: J. Chem. Soc. 117, 59 (1920). 

(212) Milligan: J. Phys. Chem. 28, 494 (1924). 

(213) Mohr: Z. anal. Chem. 12, 138 (1873). 

(i^4) Moissan: Ann. chim, phys. 19, 266 (1890). 



586 


AARON E. MARKHAM AND KENNETH A. KOBE 


(215) MoRfiAN AND Maass: Can. J. Research 5, 162 (1931). 

(216) Morgan and Pyne: J. Phys. Chem. 34, 1678 (1930). 

(217) Morgan and Pyne: J. Phys. Chem. 34, 2045 (1930). 

(218) Morgan and Richardson: J. Phys. Chem. 34, 2366 (1930). 

(219) MOller: Ann. Physik 37, 24 (1889). 

(220) MOller: J. prakt. Chem. 58, 1 (1898). 

(221) MOller: Z. physik. Chem. 81, 483 (1912). 

(222) Nasini and Corinaldi: Atti soc. ital. progresso sci. 20, II, 264 (1932). 

(223) Naumann: Z. Elektrochem. 16, 772 (1910). 

(224) Naylor: Chem. News 88, 259 (1902). 

(225) Neuhatjsen: J Phys. Chem. 26, 553 (1922). 

(226) Neuhatjsen and Patrick: J. Phys. Chem. 26, 693 (1921). 

(227) Nicloux and Scoi'ti-Fogijeni : Ann. physiol, physicochim. biol. 6, 434 (1929). 

(228) Oliveri-Mandala and coworkers: Gazz. chim. ital. 50, II, 89 (1920). 

(229) Oman: Tek. Tid. Uppl. D. 64, 81 (1924). 

(230) Orcuit and coworkbbs: J. Biol. Chem. 117, 501 (1937). 

(231) Orcutt and Seevers: J. Pharmacol. 69, 206 (1937). 

(231a) Ostwald: Manual of Physico-Chemical MeasurementSf pp. 172-5. The 
Macmillan Company, London (1894). Lehrhuck der Allgemeinen Chemie, 
Band 1, pp. 612-35. W Engelmann, Leipsig, (1891). 

(232) Parsons: J. Am. Chem. Soc. 47, 1820 (1925). 

(233) Patten and Mains: Ind. Eng. Chem. 10, 279 (1918). 

(234) Paunov: Ann. univ, Sofia, II, Faculty phys -math , Livre 1, 36, 179 (1938-39). 

(236) Pelabon: Corapt. rend. 116, 1292 (1893). 

(236) Pelabon: Coinpt rend. 124, 35 (1897). 

(237) Perkin: J. Chem. Soc. 66, 20 (1894). 

(238) Perman: J. Chem. Soc. 67, 869, 983 (1895). 

(239) Pbrman' j. Chem. Soc. 79, 718 (1901). 

(240) Perman: J. Chem. Soc. 81, 480 (1902). 

(241) Perman: J. Chem. Soc. 83, 1168 (1903). 

(241a) Peters and Van Slyke: Quantitative Clinical Chemistry, Vol. II, Methods, 
pp. 106, 229. William & Wilkins Company, Baltimore (1932). 

(242) Petterson and Sonden: Ber. 22, 1434, 1439 (1889). 

(243) Philip: Trans. Faraday Soc. 3, 141 (1907); J. Chem. Soc. 91J, 711 (1907); 

Proc. Chem. Soc. 23, 85 (1907). 

(244) PollitzBr: Z. anorg. allgem. Chem. 64, 121 (1909). 

(245) Pomeroy and co workers: Ind. Eng. Chem. 26, 1014 (1933). 

(246) Porter: J. Roy. Tech. Coll. (Glasgow) 2, 19 (1925). 

(247) Prytz: Ann. Physik 64, 130 (1895). 

(248) Rakbstraw and Emmbl: Ind. Eng. Chem., Anal. Ed. 9, 344 (1937). 

(249) Rakebtraw and Emmbl: J. Phys. Chem. 42, 1211 (1938). 

(250) Ramsay: Phil. Trans. 186, 187 (1895). 

(251) Ramsay and co workers: J. Chem. Soc. 67, 684 (1896). 

(262) Ramstedt: J. phys. radium 8, 263 (1911). 

(263) Randall and Failby: Chem. Rev. 4, 271 (1927). 

(264) Raoult: Ann. chim. phys. 1, 262 (1874); Compt. rend. 77, 1078 (1873). 

(256) Reichardt: Z. anal. Chem. 11, 271 (1872). 

(266) Rbisbnfkld: Z. physik. Chem. 46, 461 (1903). 

(267) Ritzel: Z. physik. Chem. 60, 319 (1907). 

(268) Roscoe: Ann. 96, 367 (1855). 



SOLUBILITY OP GASES IN LIQUIDS 


587 


(269) Roscou: J. Chem. Soc. 8 , 14 (1866). 

(260) Roscoe and Dittmar: Ann. 112, 327 (1859). 

(261) Roscoe and Lunt: Ber. 22, 2717 (1889). 

(262) Roth: Z. physik. Chem. 24, 114 (1897). 

(263) Rothmund: Z. physik. Chem. 33, 402 (1900). 

(264) Ruppin: Z. angew. Chem. 38, 117 (1904). 

(266) Sackur: Z. Elektrochem. 18, 641 (1912). 

(266) Sander: Z. physik, Chem. 78, 513 (1912). 

(267) Schickendantz: Ann. 109, 116 (1859): Ann. chim. phys. 59, 123 (1860). 

(268) Schmit-Nielsen: Ann. Acad. Sci. Fennicae A29, No. 12, 7 (1927). 

(269) Schneider: Ber. 49, 1638 (1916). 

(270) Schorlemmer: Ann. 132, 234 (1864), J. Chem Soc. 2, 262 (1864). 

(271) Schulze: J. prakt. Chem. 24, 168 (1881). 

(272) Schulze: Z. physik. Chem. 95, 257 (1920). 

(273) Schunke: Z. physik. Chem. 14, 331 (1894). 

(274) Schutzenbehcer: Compt. rend. 75, 879 (1872); Bull. soc. chim. Par. XIX, 

152; XX. 145. 

(275) Schwab and Berninger: Z physik. Chem. A138, 66 (1928) 

(276) Schwab and Hankb: Z. physik. Chem. 114, 261 (1924). 

(277) Scotti-Foglieni: Compt. rend 97, 1561 (1927). 

(278) Secbnov: Z. physik. Chem. 4, 117 (1889). 

(279) Sbcenov: Ann. chim. phys. 25, 226 (1892). 

(280) Seidell, Atherton: SolubiltlieB^ p. 781. D. Van Nostrand Company, New 

York (1919). 

(281) Seyler: Chem. News 67, 87 (1893). 

(282) Shedlovsky and McInnes: J. Am. Chem. Soc. 57, 1708 (1935). 

(283) Sherrill and Izard: J. Am. Chem. Soc. 53, 1667 (1931). 

(284) Showalter and Ferguson: Can. J. Research 14B, 120 (1936). 

(285) Sibbeck: Skand. Arch. Physiol. 21, 368 (1909). 

(286) SiLLiTTo: J. Roy. Tec. Coll. (Glasgo^v) 4, 421 (1939). 

(287) Sims: J. Chem. Soc. 14, 1 (1862). 

(288) SissKiND AND Kasarnovskii : Z. anorg. allgem. Chem. 214, 386 (1933). 

(289) Skirrow: Z. physik. Chem. 41, 139 (1902). 

(290) Smith: J. Phys. Chem. 25, 204, 605 (1921). 

(291) Smith and Parkhurst: J. Am. Chem. Soc. 44, 1918 (1922). 

(293) Speller: J. Franklin Inst. 193, 515 (1922). 

(294) Stegmuller: Z. Elektrochem. 16, 86 (1910). 

(295) Steiner: Ann Physik 52, 275 (1894). 

(296) Stern: Z. physik. Chem. 81, 441 (1912). 

(297) Stern: Z. physik. Chem. 81, 474 (1912). 

(298) Stock and Guttmann: Ber. 37, 885 (1904). 

(299) Stock and Kuss: Ber. 50, 169 (1917). 

(300) Stoddard: J. Biol. Chem. 71, 629 (1926-27). 

(301) SwARTs: Bull, classe sci., Acad. roy. Belg., p. 383 (1901). 

(302) SzEPARowicz: Sitzber. Akad. Wiss. Wien, Abt. Ila, 129, 437 (1920). 

(304) Tammann. Z. anorg. allgem. Chem. 158, 17, 25 (1926); Z. Elektrochem. 33, 
425 (1927); Z. anorg. allgem. Chem. 194, 159 (1930); 235, 57 (1937). 

(306) Taylor and Hildebrand- J. Am. Chem. Soc. 45, 682 (1923). 

(306) Than: Ann. 123, 187 (1862). 

(30^) Thiel and Schulte: Z. physik. Chem. 96, 312 (1920). 



588 


AAEON E. MARKHAM ANB KENNETH A. KOBE 


(308) Thomas: Compt. rend. 123, 943 (1896). 

(309) Thorpe and Rodgers: Clp^m. News 70, 45 (1894); J. Chem. Soc. 66, 782 (1894). 

(310) Thury: Acta Lit. Sci. Uegiac Univ. Hung. Francisco- Josephinae, Acta Chem., 

Mineral. Phys. 6, 135 (1936). 

(311) Tiemann and Precsse: Bcr. 12, 1768 (1879). 

(312) Timofeev: Z. physik. Chem. 6, 141 (1890). 

(313) Tornoe: J. prakt. Chem. 19, 401 (1879); 20, 44 (1879). 

(314) 'I'ower: Z. aiiorg. allgem. Chem. 60 , 382 (1906). 

(315) Traubenberg: Physik. Z. 6, 130 (1904). 

(317) Tucker and Moody. J. Am. Chem. Soc. 23, 671 (1901). 

(318) Uhlig. j Phys Chem 41, 1215 (1937). 

(319) Usher: Z. physik. Chem. 62, 622 (1908). 

(320) Usher: J. Chem. Soc. 97, 60 (1910). 

(321) Vakentiner: Preuss. Bergakad. Clausthal. Festscrift, p. 414 (1925). 

(322) Valentiner: Z. Physik 42, 253 (1927). 

(323) Valentiner* Z. Physik 61, 563 (1930). 

(324) Van Slyke and Neill. J. Biol. Chem 61 , 523 (1924). 

(325) Van Slyke and co workers: ,1. Biol. Chem. 106, 571 (1934). 

(326) Van Slyke and Sendroy: J. Biol. Chem. 78, 765, 801 (1928) 

(327) ViBRANs; Oil & Soap 12, No. 1, 14 (1930). 

(328) VuKOLOv: Compt rend. 108, 674 (1889). 

(329) V UKOLOV: Compt. rend. 109, 61 (1889). 

(330) Weigert: Ber. 36 , 1007 (1903). 

(331) Weigert: Ber. 43, 164 (1910). 

(332) Whipple and Whipple: J. Am. Chem. Soc. 33 , 362 (1911). 

(332a) WiEBE, Gaddy, and cow'Orkers: J. Am. Chem. Soc. 66, 947-53 (1933); 66, 
76-9 (1934), 66 , 2357-60 (1934); 67 , 847-51 (1935); 69 , 1984-87 (1937); 61 , 
315-18 (1939). 

(333) Wiedman: Ann. Physik 17, 349 (1882). 

(334) Williams: Chem. News 122 , 62 (1921). 

(335) Winkler: Bcr. 21, 2843 (1888). 

(336) Winkler: Ber. 22, 1764 (1889). 

(337) Winkler: Ber. 24, 89 (1891). 

(338) Winkler: Ber. 24, 3602 (1891). 

(339) Winkler: Z. physik. Chem. 9 , 171 (1892). 

(340) Winkler: Ber. 34, 1408 (1901). 

(341) Winkler: Z. anal. Chem. 40, 523 (1901). 

(342) Winkler: Z. physik. Chem 66, 344 (1906). 

(313) Wolf and Krause: Arch. Wkrmewirt. 8, 216 (1927). 

(343a) Wolff: Biochem. Z. 288 , 79 (1936). 

(344) Wright and Maass: Can. J. Research 6, 94 (1932). 

(345) WtjRTz: Ann. chim. phys. 30, 443 (1850). 

(346) Yannakis: Bull. soc. chim. 37 , 389 (1925). 




